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Abstract			In	 Victoria,	 Australia,	 organic	 waste	 makes	 up	 approximately	 50%	 of	 the	 average	household	municipal	 solid	waste.	The	organic	waste	 is	 comprised	of	both	 food	waste,	commonly	 referred	 to	 as	 the	 organic	 fraction	 of	municipal	 solid	waste	 (OFMSW)	 and	lignocellulosic	materials,	such	as	garden	waste	(GW).	With	growing	concern	regarding	anthropogenic	 climate	 change	 and	 increasing	 energy	 demand,	 there	 has	 been	 a	 shift	from	 traditional	 fossil	 fuel	 power	 generation	 towards	 an	 adoption	 of	 renewable	alternatives	such	as	biogas	generated	through	anaerobic	digestion	(AD).	AD	is	a	natural	process	that	takes	place	in	landfills,	however	by	moving	it	from	a	landfill	into	a	reactor	it	 allows	 for	 greater	 control	 over	 each	 stage.	 The	 outcome	 is	 process	 optimisation,	thereby	giving	faster	production	and	higher	quality	biogas.	The	potential	for	OFMSW	as	an	 energy	 source	 has	 only	 recently	 been	 recognised	 in	 Australia,	 with	 source	segregation	taking	place	in	some	council	areas,	and	the	commissioning	of	a	new	Waste	to	Energy	facility	in	Melbourne’s	North.	The	process	of	co-digestion	is	used	to	enhance	biogas	yield	and	is	the	ability	to	balance	the	concentration	of	carbon	(C),	nitrogen	(N),	and	other	trace	nutrients	entering	an	AD	system	by	altering	the	feed	waste.	This	can	be	carried	out	by	mixing	two	different	waste	streams,	such	N-rich	OFMSW	with	C-rich	GW.			GW’s	 complex	 lignocellulosic	 structure	 limits	 its	degradability	during	AD	 therefore	an	effective	 pretreatment	 is	 required	 to	 increase	 the	 bioavailabilty	 of	 C	 thus	 enhancing	biogas	 yield	 and	 digestate	 quality.	 After	 identifying	 alkaline-autoclaving	 (AA)	 as	 the	most	 feasible	 treatment	 based	on	published	 literature,	 it	was	performed	on	Victorian	GW	investigating	particle	size,	chemical	concentration,	and	temperature.	Its	success	was	assessed	 by	 analysing	 changes	 in	 cellulose	 crystallinity,	 structural	 composition,	 and	surface	morphology.	This	was	done	in	Phase	A	of	the	experimental	work,	and	the	results	showed	AA	treatment	to	enhance	biogas	yield	during	the	biochemical	methane	potential	(BMP)	 tests.	The	highest	 increase	 found	within	 the	study	was	achieved	 in	GW	ground	<10mm	using	1.0%	NaOH	to	increase	to	213.70L	CH4/kg	VS,	corresponding	to	a	214.2%	increase	 when	 compared	 to	 untreated	 GW.	 When	 the	 results	 from	 the	 BMP	 were	compared	 with	 the	 results	 during	 the	 compositional	 analysis,	 it	 was	 found	 that	enhanced	yield	was	exhibited	 in	conjunction	with	significant	 lignin	removal	as	well	as	increases	 in	 relative	 glucan	 and	 xylan	 fractions.	 Furthermore,	 analysis	 of	 the	 surface	
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morphology	of	AA	treated	GW	showed	the	formation	of	pore	holes	allowing	an	increase	in	 accessible	 surface	 area	 for	 microorganisms	 during	 AD	 and	 thus	 enhancing	 biogas	yield.			In	 Phase	 B	 of	 the	 experimental	 work,	 mixtures	 of	 synthetic	 food	 waste	 (SFW)	 and	Victorian	GW	were	applied	in	BMP	tests	at	 low	total	solids	loading	(TSL)	investigating	co-digestion	mixtures	and	 the	 role	of	 fresh	and	acclimatised.	The	co-digestion	of	SFW	with	GW	showed	enhanced	biogas	yield	when	compared	to	single	substrate	digestion.	The	 highest	 methane	 yield	 was	 achieved	 in	 the	 co-digestion	 mixture	 15%GW	 using	acclimated	seed	with	a	final	cumulative	methane	yield	of	375.12L	CH4/kg	VS.	Using	seed	which	 was	 first	 acclimatised	 to	 its	 feed,	 as	 opposed	 to	 fresh	 seed,	 resulted	 in	 faster	digestion	 rates,	 with	 peak	methane	 production	 in	 AD	 reactors	 using	 acclimated	 seed	occurring	7	days	earlier	than	its	fresh	seed	counterpart.		As	part	of	Phase	C,	these	co-digestion	BMP	were	again	performed	in	Sweden	simulating	high	TSL	AD,	a	process	more	efficient	in	large	scale	industry,	investigating	low	and	high	TSL,	 psychrophilic	 and	 mesophilic	 temperature	 conditions,	 and	 substrate/inoculum	(S/I)	ratio	of	0.5,	1.0,	and	2.0.	The	effect	of	pretreatment	of	GW	during	co-digestion	of	Swedish	 GW	 with	 SFW	 was	 also	 investigated.	 The	 results	 overall	 showed	 that	 with	increasing	S/I	 ratio	 (to	values	greater	 than	0.5),	 cumulative	methane	yield	decreased,	and	 more	 commonly	 to	 complete	 inhibition	 within	 1-2	 weeks	 of	 digestion.	 This	occurred	 in	AD	reactors	 loaded	with	SFW,	and	only	 reactors	digesting	GW	as	a	 single	substrate	did	not	experience	severe	inhibition.	While	mesophilic	temperatures	resulted	in	more	rapid	digestion	rates,	similar	cumulative	methane	yields	could	be	achieved	by	psychrophilic	temperatures	over	a	longer	digestion	period.	AA	treatment	had	a	negative	impact	on	biogas	yield	from	Swedish	GW	and	insignificant	effect	when	compared	to	co-digestion	with	SFW.	Increasing	the	TSL	in	the	AD	reactors	commonly	caused	a	reduction	in	 cumulative	 methane	 yields	 causing	 early	 inhibition	 as	 mixing	 within	 the	 reactors	became	challenging.		
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1. Introductioni	
1.1. Aim	&	Objectives	The	 aim	 of	 this	 study	 is	 to	 enhance	 biogas	 production	 from	 the	 organic	 fraction	 of	municipal	 solid	 waste	 (OFMSW)	 and	 garden	 waste	 (GW)	 via	 pretreatment	 and	 co-digestion.		In	order	to	achieve	the	aims	of	the	study,	two	objectives	have	been	developed	and	are	outlined	below:	
• To	 investigate	 an	 optimum	 co-digestion	mixture	 of	 OFMSW	with	 untreated	and	pretreated	GW.	
• To	 investigate	 the	 effectiveness	 of	 different	 pretreatments	 on	 the	 potential	for	 biogas	 production	 from	 GW	 and	 to	 identify	 the	 relationship	 between	certain	changes	in	GW	characteristics	and	enhanced	yield.	
1.2. Research	Questions	In	 achieving	 the	 research	 aim	 and	 objectives,	 the	 study	 aims	 to	 answer	 four	 main	research	questions.	1. Is	there	an	ideal	co-digestion	ratio	of	OFMSW	and	GW	which	will	enhance	biogas	yield	 and	 biodegradability	 rather	 than	 when	 each	 substrate	 is	 treated	individually?	2. Which	of	the	available	pretreatment	processes	can	be	applied	to	GW	to	enhance	biodegradability	during	anaerobic	digestion	(AD)?	3. How	 does	 pretreatment	 affect	 GW’s	 characteristics	 and	 is	 there	 a	 relationship	with	biogas	yield	from	GW	and	quality	of	digestate?	4. To	what	extent	does	pretreatment	of	GW	enhance	biogas	yield	when	co-digested	with	OFMSW?	To	what	extent	do	other	factors	such	as	total	solids	loading	(TSL),	substrate/inoculum	 (S/I)	 ratio,	 and	 temperature	 have	 an	 effect	 on	 the	 co-digestion	of	SFW	and	GW?		
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1.3. Scope	The	 study	 focuses	 on	 two	 inevitable	 green	 waste	 streams	 which	 make	 up	 a	 large	proportion	of	municipal	waste.	 These	 include	 the	OFMSW	and	GW,	 and	utilising	 such	waste	as	a	resource	to	produce	biogas,	a	more	value-added	end	product.		The	project	methodology	is	as	follows:	I. A	preliminary	literature	review	was	carried	out	into	two	interrelated	topics;	the	use	of	anaerobic	 digestion	 (AD)	 for	 the	 management	 of	 organic	 waste	 materials	 and	 the	associated	 operational/performance	 parameter	 and	 the	 pretreatment	 of	lignocellulosic	materials	and	the	changes	in	substrate	characteristics.	II. Using	findings	from	literature	review,	the	experimental	plan	was	designed	with	three	main	phases	A. The	 pretreatment	 of	 GW	 and	 the	 assessment	 of	 changes	 in	 structural	carbohydrates	 and	 extractives	 assessed	 via	 NREL	 laboratory	 analytical	procedures,	 surface	 morphology	 via	 Scanning	 Electron	 Microscope	 (SEM)	imaging,	and	crystallinity	index	via	Fourier	Transform	Infrared	Spectroscopy	(FTIR).	 	 Batch	 BMP	 test	 was	 conducted	 on	 untreated	 and	 pretreated	substrates	with	same	BMP	analyses	conducted	for	previous	phase.	B. The	 co-digestion	batch	BMP	 test	 of	 untreated	organic	waste	materials	 SFW	and	 GW,	 analyses	 including	 gas	 production	 measurement	 via	 water	displacement,	 compositional	 analysis	 via	 Gas	 Chromatography	 (GC),	 and	changes	in	digestate	quality	via	Hach	analyses.		C. Using	 findings	 from	 two	 previous	 phases,	 phase	 three	 will	 involve	 a	 dry	digestion	 of	 SFW	 and	 GW	 using	 previously	 identified	 well	 performing	 co-digestion	mixtures	and	pretreatment	conditions,	and	combining	the	two.	III. The	results	will	be	used	in	order	to	answer	the	research	questions	outlined,	applied	in	data	interpretation	and	thesis	writing,	as	well	as	published	in	peer-reviewed	journals	and	presented	at	conference.		
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1.4. Current	Waste	Management	Practices	in	Victoria	Green	 wastes	 are	 typically	 regarded	 as	 organic-biodegradable-waste	 with	 moisture	contents	 of	 less	 than	 85%,	 including	 GW,	 agricultural	 residues,	 and	 OFMSW	(Manningham	2013;	Mata-Alvarez,	Mace	&	Llabres	2000).	GW	refers	 to	 the	vegetative	portion	 of	 household	 and	 commercial	 waste	 which	 includes	 tree	 prunings,	 grass	clippings	and	small	branches.	It	is	classed	as	lignocellulosic	material	due	to	its	complex	cellulose-hemicellulose-lignin	structure.	A	total	of	694,390	tonnes	of	GW	was	produced	within	 the	municipal	 sector	 in	 the	period	2010/2011	with	approximately	72%	of	 this	recovered	(Randell,	Pickin	&	Grant	2014).	In	areas	with	less	established	procedures	this	recovered	waste	 is	 often	 just	 transported	 to	 landfills	 however	 in	 council	 areas	 fitted	with	 the	 appropriate	 facilities,	 the	GW	 that	 is	 recovered	 is	mostly	processed	 into	 soil	conditioning	 products.	 However	 recent	 influxes	 in	 the	 recovery	 of	 this	 waste	 stream	have	seen	councils	shutting	down	composting	 facilities	which	are	unable	 to	cope	with	the	 staggering	 volume	 coming	 in,	 resulting	 in	 odour	 issues	 and	 complaints	 from	surrounding	 residents	 (Brimbank	2012).	Furthermore	 facilities	 still	 in	operation	have	massive	influxes	of	GW	and	thus	a	higher	production	volume	of	compost,	however	very	little	demand.		
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Figure	1:	Disposal,	recycling	and	energy	recovery	for	organic	waste	in	Victoria,	adapted	from	
Randell,	Pickin	and	Grant	(2014)		In	 addition	 to	 this,	 OFMSW	 is	 defined	 as	 the	 portion	 of	 household	 kitchen	 waste	composed	of	organic	matter	including	common	materials	like	food,	fruit	and	vegetable	waste	 (Hartmann,	Hinrich	2003).	The	 importance	of	diverting	waste	 from	 landfill	 has	become	more	and	more	apparent	over	the	past	few	decades	with	organic	waste	posing	one	of	the	most	hazardous	risks	to	the	environment	(Weiland	2003).	Once	deposited	to	covered	landfill,	it	anaerobically	decomposes	to	methane,	a	more	powerful	greenhouse	gas	than	carbon	dioxide	when	emitted	into	the	atmosphere.	As	highlighted	in	Figure	1	of	the	total	927,818	tonnes	of	food	waste	produced	in	2010/2011,	more	than	80%	was	sent	 to	 landfill,	 equivalent	 to	 just	 under	 700,00	 tonnes	 of	 potential	 CO2	 emissions	(Mason	et	al.	2011;	Randell,	Pickin	&	Grant	2014).	Of	the	many	organic	waste	streams,	OFMSW	is	seen	as	the	highest	risk	as	currently	there	is	very	little	source-segregation	of	OFMSW	from	 landfill	waste	or	collection	of	 food	waste	 in	Victoria	 from	the	municipal	sector,	 though	 a	 small	 portion	 is	 collected	 from	 commercial	 industries.	 With	appropriate	segregation	and	by	processing	the	organic	component	of	such	solid	waste	through	 advanced	 technological	 processes	 such	 as	 anaerobic	 digestion	 (AD),	 it	 can	
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mitigate	 the	 emission	 of	 dangerous	 gases	 to	 the	 atmosphere	 as	 well	 as	 reducing	consumption	of	fossil	fuels	(Macias-Corral	et	al.	2008).			
1.5. Justification	of	Green	Waste	as	a	Resource	Where	there	are	humans,	there	will	be	waste.	Therefore	it	 is	impossible	to	ignore	that	while	the	world	population	increases,	the	generation	of	landfill	waste	will	too	increase,	a	 growing	 issue	posing	 a	 serious	 threat	 to	both	health	 and	environment.	At	 the	 same	time	 there	 is	 a	market	 for	 soil	 conditioning	 products	 (compost),	 and	with	 increasing	concern	 over	 climate	 change	mitigation	 and	 increasing	 energy	 consumption,	 there	 is	more	 potential	 for	 the	 renewable	 industry	 to	 grow	 in	 the	 production	 of	 fossil	 fuel	alternatives	such	as	bioethanol	and	biogas	(Wan,	C.,	Zhou,	Y.	&	Li,	Y.	2011;	Wang,	Wei,	Ji	&	 Lee	 2013)	 With	 the	 production	 of	 bioenergy,	 energy	 crops	 are	 easily	 degradable	renewable	biomass	and	 thus	are	popular	 substrates	 for	 industrial-scale	production	of	bioethanol	 and	 biogas,	 however	 they	 are	 now	 too	 facing	 the	 food	 versus	 fuel	 dispute	(Salehian	&	Karimi	2013).	Therefore,	alternative	feedstocks	must	be	utilised	instead.	In	light	of	this,	the	idea	of	processing	low-value	organic	waste	materials	into	more	value-added	final	end	products	is	becoming	more	and	more	attractive	with	ongoing	advances	in	 resource	 recovery	 technologies.	 As	 shown	 in	 Table	 1,	 there	 has	 been	 a	 general	increase	in	recovery	behaviours	across	various	waste	streams,	especially	so	for	garden	organics.	The	food	and	garden	organics	presented	in	Table	1	are	categorised	in	various	ways	such	as	a	pure	garden	stream	‘garden	organics’,	a	pure	food	stream	‘food	organics’,	the	 organic	 fraction	 recovered	 from	 MSW	 through	 advanced	 waste	 treatment	technologies	 ‘MSW	 organic	 fraction’,	 or	 materials	 containing	 both	 food	 and	 garden	waste	 ‘biowaste’.	 As	 its	 presence	 is	 inevitable	 this	 abundant	 waste	 stream	 should	instead	be	regarded	as	a	resource	which	should	to	be	taken	advantage	of.		
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Table	1:	Recovery	trends,	adapted	from	Blue	Environmental	&	Randell	Consulting	(2011)	
	 2005/06	 2006/07	 2007/08	 2008/09	 2009/2010	 2010/11	
Raw	Materials	
Processed	(kt)	
4373	 5169	 4485	 5279	 5809	 6331	
Garden	organics	 1738		 2312	 1358	 1660	 1583	 2411	
Wood/sawdust	
(commercial/industrial)	
229	 247	 141	 211	 259	 292	
Food	organics	(food	
waste)	
82	 79	 124	 136	 212	 151	
Paper	pulp/sludge	 56		 54	 59	 57	 57	 24	
MSW	organic	fraction	 174		 238	 233	 237	 283	 381	
Biowaste	(mixed	garden	
and	food)	
10	 16	 14	 32	 50	 55	
Other	–	miscellaneous	 93		 64	 55	 69	 57	 130	
Paunch	 48		 26	 21	 20	 64	 55	
Sub-Total	 2431		 3035	 2004	 2422	 2565	 3499	
	
1.6. Significance	and	Rationale	Though	 the	 issue	 food	 waste	 poses	 to	 landfill	 has	 long	 been	 recognised	 in	 countries	within	the	EU,	it	is	only	recently	being	recognised	within	Australia	and	only	within	the	past	12	months	that	new	procedures	are	being	looked	at.	The	rural	Victorian	council	of	Bendigo	 in	 September	 2015	 began	 a	 six-month	 trial	 allowing	 residents	 to	 source	segregate	 their	organic	waste.	 In	addition	 to	 this,	Yarra	Valley	Water	 in	an	Australian	first	 has	 commissioned	 its	Waste	 to	 Energy	 facility	 in	Melbourne’s	 northern	 suburbs,	which	 will	 have	 the	 capacity	 to	 treat	 100tonnes	 of	 waste	 per	 day	 from	 commercial	organic	waste	producers.	The	 issue	of	 food	waste	 is	 slowly	becoming	more	and	more	apparent	 with	 councils	 and	 industry	 beginning	 to	 recognise	 the	 importance	 of	 its	diversion	and	the	potential	it	holds.		
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Furthermore,	a	high	percentage	of	GW	is	already	recovered	within	Victoria,	however	is	mostly	 converted	 into	 compost,	 a	 product	 with	 high	 agronomic	 value	 yet	 low	commercial	 value.	 As	 GW	 is	 classed	 a	 lignocellulosic	 waste	 material,	 and	 is	 thus	resistant	 to	 degradation,	 it	 is	 often	 overlooked	 as	 an	 ideal	 feedstock	 for	 bioenergy	recovery	 processes	 such	 as	 anaerobic	 digestion	 or	 fermentation.	 Although	 much	research	has	been	done	into	the	pretreatment	of	other	lignocellulosic	wastes,	it	is	often	overlooked	 as	 the	 economic	 costs	 are	 seen	 as	 unviable.	However	 if	 this	 pretreatment	can	 be	 used	 to	 enhance	 the	 methanogenic	 output	 of	 OFMSW	when	 co-digested	 with	pretreated	 GW,	 two	 crucial	 waste	 streams	 may	 be	 used	 as	 a	 resource	 for	 bioenergy	recovery.			The	process	of	AD	of	organic	solid	wastes	is	well	established	with	a	large	proportion	of	the	 associated	 research	 based	 in	 “bioenergy-developed”	 countries	 such	 as	 in	 Europe	and	the	USA.	As	Australia	 is	relatively	behind	in	the	research	(and	implementation)	of	advanced	 resource	 recovery	 technologies,	 it	 is	 difficult	 to	 find	 scientific	 knowledge	directly	 applicable	 to	 Australian	 waste.	 	 Hence	 there	 is	 strong	 national	 significance	behind	the	research	which	is	to	be	carried	out.			
1.6.1. Possible	implications	of	findings		On	completion	of	the	research	project,	it	aims	to	provide	opportunities	within	Victoria	to	incorporate	more	sustainable	waste	management	practices.	It	will	have	the	capability	of	diverting	more	 than	800,000	 tonnes	of	OFMSW	and	around	700,000	 tonnes	of	GW	from	landfill	to	be	used	as	a	resource	for	bioenergy	recovery.	(Cocks	2014).	While	there	is	 currently	 already	 segregation	 practices	 for	 GW	 where	 it	 is	 mostly-	 converted	 to	compost,	 there	are	no	practices	 for	OFMSW.	Therefore	 this	new	 technology	will	drive	the	segregation	of	this	wastes	stream	preventing	the	emission	of	over	700,000	tonnes	of	CO2,	taking	advantage	and	control	of	AD	to	produce	higher	quality	biogas	(Cocks	2014;	Mason	 et	 al.	 2011).	 Furthermore,	 this	 technology	 can	 be	 applied	 to	 a	 wide	 range	 of	biomass	 and	 waste	 feedstocks	 so	 it	 has	 the	 potential	 to	 pave	 the	 way	 for	 advanced	resource	 recovery	 technologies	 with	 possible	 implementation	 in	 Victoria,	 and	nationally.		
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2. Literature	Review	
2.1. Anaerobic	Digestion	of	Organic	Waste	Streams		 	
2.1.1. 	Feedstock		Organic	waste	is	commonly	defined	as	any	biodegradable	waste	from	plant	or	animals	including	 fractions	 from	agricultural	 residues	 to	municipal	 food	waste	 to	 fecal	matter.	Many	 of	 these	 organic	 waste	 streams	 are	 already	 being	 applied	 in	 large-scale	 AD	industry	 with	 much	 success	 however	 a	 large	 proportion	 of	 this	 waste	 is	 still	 being	underutilised,	one	such	example	are	‘lignocellulosic’	materials.	The	focus	of	this	study	is	enhancing	biogas	production	from	two	specific	organic	waste	streams;	 the	 OFMSW	 and	 GW	 therefore	 in	 the	 following	 sections	 where	 the	 general	process	and	important	parameters	are	discussed,	there	will	be	a	greater	focus	on	these	two	particular	waste	streams.			The	composition	of	OFMSW	is	varied	and	can	range	from	either	just	food	waste,	or	yard	waste,	or	a	 combination	of	both.	 It	 can	also	depend	on	seasonal	variations	during	 the	year,	the	region	from	where	it	is	collected,	as	well	as	the	collection	method	used	which	can	be	either	source-sorted	(SS),	separately	collected	(SC),	or	mechanically	sorted	(MS)	(Cecchi	 et	 al.	 2011;	 Li,	 Park	 &	 Zhu	 2011).	 The	 process	 of	 waste	 collection	 could	 be	considered	as	the	first	step	in	treatment	of	municipal	solid	waste	(MSW)	as	the	method	in	which	it	is	collected	will	dictate	the	composition	of	materials	found	in	waste	stream,	with	 SC-OFMSW	having	high	biomethane	potential	 in	 comparison	 to	 energy	 intensive	MS-OFMSW	 (which	 also	 had	 poor	 quality	 digestate	 due	 to	 concentration	 of	 inert	 and	polluted	materials)	(Cecchi	et	al.	2011).				
2.1.2. 	A	Comparison	of	Treatment	Processes		A	number	of	treatment	processes	currently	exist	for	the	management	of	organic	waste,	some	more	technologically	advanced	than	others,	and	some	more	established	in	certain	countries	 where	 policy	 and	 legislation	 pushes	 for	 certain	 environmental	 targets.	 The	four	alternative	explored	in	this	section	are	systems	which	are	currently	applied	here	in	Australia	and	 those	which	are	popular	 in	Europe,	 i.e.	Landfilling,	Aerobic	Composting,	Incineration,	 and	 AD.	 A	 comparison	 of	 the	 advantages	 and	 disadvantages	 of	 each	 are	also	outlined	in	Table	2.	
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	Composting	 is	 a	 highly	 implemented	 management	 process	 applied	 to	 organic	 waste,	diverting	organics	from	landfill	and	converting	it	to	a	stabilized	product	with	high	value	in	the	agronomic	industry	(Tognetti,	Mazzarino	&	Laos	2011).	Within	the	US,	the	USEPA	reports	approximately	31	million	tonnes	of		GW	(commonly	called	yard	trimmings)	are	generated	annually,	and	approximately	60%	was	recycled	for	composting	in	2013,	the	inherent	energy	of	which	was	wasted	through	respiration	(Ge,	Xu	&	Li	2016).			Incineration	 is	 regarded	 as	 a	 thermal	 (also	 known	 as	 a	 combustion	 or	 oxidation)	treatment,	converting	waste	materials	into	energy	carriers,	like	heat,	which	can	then	be	used	 to	 generate	 electricity,	 and	 the	 by-products	 are	 ash	 (inorganics)	 and	 flue	 gas	(which	 must	 be	 refined	 in	 order	 to	 remove).	 One	 concern	 is	 the	 large	 amounts	 of	gaseous	 pollutants	 such	 as	 dioxins	 and	 heavy	 particulate	metals	which	 are	 produced	during	the	process.	There	have	been	more	recent	improvements	in	modern	incinerators	with	dioxin	cracking	as	well	as	fabric	filters	which	can	capture	dioxins	and	particulate	matter.	However,	feedstocks	such	as	FW	tend	to	have	higher	moisture	content,	making	it	undesirable	for	energy	generations	processes	such	as	incineration,	but	an	opportune	feedstock	for	anaerobic	digestion	(Owens	&	Chynoweth	1993).			Landfilling	involves	the	collection	and	dumping	of	waste	into	designated	areas	of	land.	Landfilling	of	organic	waste	is	the	most	undesirable	management	of	organic	wastes	due	to	its	high	land	requirement	as	well	as	a	number	of	environmental	concerns,	including	leachate	 production	 threatening	 groundwater	 health,	 as	 well	 as	 the	 potential	breakdown	of	 organics	 into	harmful	 greenhouse	 gases	 including	methane	 and	 carbon	dioxide	threatening	release	into	the	atmosphere	(Cecchi	et	al.	2011;	Khalid	et	al.	2011).	While	within	Victoria,	 fugitive	 gas	 emissions	 are	 no	 longer	 an	 issue	with	 appropriate	landfill	 management	 practices	 as	 well	 as	 the	 concept	 of	 “bioreactor	 landfills”	 which	optimise	 gas	 production	 by	 recirculating	 moisture	 through	 the	 landfill	 and	 then	capturing	gas	produced.	Landfilling	of	organic	waste	however,	while	being	a	convenient	disposal	option,	does	not	take	full	advantage	of	gas	production	from	organics	which	can	be	optimised	through	more	alternative	waste	treatments.			
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AD	takes	advantage	of	the	natural	process	which	takes	place	in	landfills,	and	optimises	the	degradation	process	 for	 the	 increased	recovery	of	high	quality	biogas.	 It	occurs	 in	anaerobic	 conditions	 (absence	 of	 oxygen)	 where	 bacteria	 and	microorganisms	 break	down	 complex	 organic	 materials	 called	 feedstock.	 The	 chosen	 feedstocks	 are	 widely	varied	and	can	include	energy	crops,	paper,	agricultural	residues,	municipal	solid	waste	(MSW),	 and	 effluent	 such	 as	wastewater.	 The	 final	 products	 of	 anaerobic	 digestion	 is	biogas	with	a	typical	composition	of	65%	methane	and	35%	carbon	dioxide,	as	well	as	a	high	quality	digestate,	which	can	be	applied	as	a	soil	fertiliser	or	conditioner	(Ahring	et	al.	2003;	Karp	&	Halford	2011).		
Table	2:	Comparison	of	treatment	processes	for	the	management	of	green	waste	
Management	of	Green	
Waste	
Advantages	 Disadvantages	
Landfilling	 • Convenient	disposal	option	 • Has	 high	 negative	 impacts	 on	 the	environment	with	accumulation	of	wastes	 linked	 to	 groundwater	leaching	and	fugitive	gas	emissions	
Aerobic	Composting	 • Has	 a	 low	 capital	 cost	 and	produces	 stabilised	 product	with	high	agronomic	value	 • Compost	 does	 not	 have	 high	commercial	 value	 compared	 to	other	 by-products	 of	 alternative	management	technologies	
• Energy	 consuming	 process	(consumes	30-35	kWh	per	tonne	of	input	 waste)	 (Hartmann,	 H.	 &	Ahring	2006)	
Incineration	 • Produces	 heat	 which	generates	steam	which	drives	turbine	to	product	electricity	 • Cannot	 be	 used	 to	 treat	 wet	portion	of	OFMSW		• Produces	large	amounts	of	ash	and	flue	 gas	 which	 may	 contain	pollutants	 such	 as	 particulate	matter,	 heavy	 metals,	 dioxins,	furans,	 sulfur	 dioxide,	 and	hydrochloric	acid	
• Chlorinated	 compounds	 found	 in	OFMSW	 can	 contribute	 to	 the	formation	 of	 hydrogen	 chloride	(HCl)	 and	 products	 of	 incomplete	combustion	(PIC)	 (Hartmann,	H.	&	Ahring	2006)	
• Bottom	ash	must	be	disposed	of	as	a	hazardous	waste		
Anaerobic	Digestion	 • Produces	 high	 quality	 biogas	(an	 alternative	 energy	source)	 and	 digestate	 (better	than	 compost	 as	 a	 soil	conditioning	product)	
• Energy	 producing	 process,	(produces	 100-150kWh	 per	tonne	 of	 input	 waste)	(Hartmann,	 H.	 &	 Ahring	2006)	
• Has	a	high	capital	cost		
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Though	 a	 number	 of	 various	 technologies	 exist	 for	 the	 treatment	 of	 organic	 waste,	anaerobic	 digestion	 offers	 an	 attractive	 option	 to	 popular	 alternatives	 such	 as	composting	and	 incineration	as	 it	stabilises	organic	waste,	produces	biogas	which	can	later	be	used	to	produce	electricity,	as	well	as	producing	a	nutrient-rich	digestate	that	can	be	applied	as	soil	conditioner	(Bouallagui	et	al.	2005;	Khalid	et	al.	2011;	Ward	et	al.	2008).	The	AD	process	itself	 is	an	optimised	take	on	what	happens	naturally	in	anoxic	environments	 such	 as	 watercourses	 to	 the	 mammalian	 gut,	 and	 can	 be	 applied	 to	 a	varied	 range	 of	 organic	 waste	 feedstocks	 including	 agricultural/forestry	 waste,	commercial	food	waste,	to	MSW	(Ward	et	al.	2008).	Looking	beyond	Australia	towards	many	 countries	 within	 Europe,	 landfilling	 is	 no	 longer	 a	 viable	 waste	 management	option	as	it	was	early	on	recognised	that	a	large	proportion	of	MSW	was	biodegradable	material	and	as	early	as	the	1990s	members	within	the	European	Union	began	source-separation	 of	 organic	 solid	 wastes	 (Cecchi	 et	 al.	 2011).	 	 For	 some	 decades,	 it	 was	difficult	for	AD	to	compete	with	aerobic	composting	as	an	efficient	waste	management	option.	This	was	due	 to	 the	 technology	not	yet	being	proven	until	1995	but	has	 since	gained	much	more	popularity	having	proven	to	be	cost-competitive	and	reliable	in	long-term	operation	(Baere	2000).	Since	then	it	has	become	recognised	as	a	technology	with	both	environment	and	economic	advantage;	both	reducing	the	volume	of	material	that	is	to	be	disposed	and	utilising	 instead	to	produce	a	renewable	and	inexpensive	biogas	(Esposito	 et	 al.	 2012).	 In	 addition	 to	 this,	 composting	 too	has	 the	potential	 to	 release	harmful	gases	 into	 the	atmosphere	 if	 it	 is	 completely	open	as	well	 as	occupying	 large	amounts	of	land.	Furthermore	when	comparing	AD	to	that	of	other	advanced	resource	recovery	 technologies	 for	 the	 treatment	of	 lignocellulosic	wastes	such	as	GW,	AD	as	a	microbial	 community-based	 process	 requires	 no	 additional	 substrate	 sterilisation	 or	special	 culture	 inoculation	 as	 is	 required	 for	 other	 advanced	 resource	 recovery	technologies	such	as	that	required	for	fermentation	(Frigon	&	Guiot	2010).			
2.1.3. 	The	Anaerobic	Digestion	Process		AD	 of	 organic	 wastes	 is	 a	 highly	 recognised	 process	 in	 the	 stabilisation	 of	 waste,	minimisation	of	pollution,	as	well	as	the	production	of	high	quality	manure	and	biogas.	It	can	be	described	as	the	decomposition	of	organic	matter	using	microorganisms	under	oxygen-free	 conditions,	 producing	 a	 biogas	 rich	 in	 methane	 and	 a	 nitrogen-rich	digestate	which	can	be	applied	as	fertilizer	(Li,	Park	&	Zhu	2011).	The	biogas	which	is	
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produced	during	AD	is	 typically	composed	of	around	48-65%	methane	(CH4),	35-41%	carbon	dioxide	(CO2),	up	to	17%	nitrogen	(N2),	 less	 than	1%	oxygen	(O2),	32-169ppm	hydrogen	 sulphide	 (H2S),	 as	well	 as	 trace	 concentrations	 of	 other	 gases	 (Ge,	 Xu	 &	 Li	2016;	Ward	et	al.	2008).		In	terms	of	the	amount	of	waste	processed,	one	metric	tonne	of	organic	solid	waste	has	the	potential	to	breakdown	and	emit	50-110m3	of	carbon	dioxide	CO2	and	90-140m3	of	methane	 into	 the	 atmosphere,	 equivalent	 to	 around	 400kWh	 of	 power	 (Cecchi	 et	 al.	2011;	Vietitez	&	Ghosh	1997).		What	makes	AD	such	an	attractive	process	 is	 its	 ability	 to	handle	a	versatile	 range	of	organic	wastes	making	it	more	robust	when	compared	to	other	treatment	technologies	(Dolan,	Cook	&	Angus	2011).			The	two	chemical	equations	shown	below	from	the	study	conducted	by	(Karthikeyan	&	Visvanathan	 2012)	 describe	 the	 conversion	 from	 cellulose	 (EQ1)	 or	 hemicellulose	(EQ2),	to	methane	and	carbon	dioxide.		 	(C6H10O5)n	+	nH2O	à	3nCH4	+	3nCO2		 (1)	(C5H8O4)n	+	2nH2O	à	5nCH4	+	5nCO2	 (2)		However	 looking	 further,	 AD	 can	 be	 seen	 as	 a	 synergistic	 process	 carried	 out	 by	 a	various	 array	 of	 microorganisms,	 however,	 can	 generally	 be	 divided	 into	 four	 main	stages;	 Hydrolysis,	 Acidogenesis,	 Acetogenesis,	 and	 Methanogenesis.	 A	 schematic	diagram	of	the	four	stages	of	AD	outlining	the	products	of	each	stage	is	shown	below	in	Figure	2	(Liu,	X	et	al.	2012).		 		
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	 	 																			In	the	very	first	step,	complex	organics	undergo	hydrolysis	using	extracellular	enzymes	resulting	in	simple	soluble	molecules	from	proteins	to	amino	acids,	lipids	to	long-chain	fatty	acids,	and	carbohydrates	to	sugars	(Li,	Park	&	Zhu	2011).	These	smaller	molecules	then	 undergo	 acidogenesis	 to	 produce	 short	 chain	 volatile	 fatty	 acids	 (VFAs),	 carbon	dioxide	(gas),	hydrogen	(gas	and	liquid)	and	acetic	acids,	occurring	under	pH	of	3.5	–	6.0	(Gerardi	2003).	Of	the	VFAs	produced	including	formic,	propionic,	valeric,	and	butyric	acid,	 there	will	be	a	greater	concentration	of	acetic	acid	 in	 the	system	(Karthikeyan	&	Visvanathan	 2012).	 	 In	 the	 next	 stage,	 acetogenic	 bacteria	 convert	 the	 organic	 acids	even	 further	 to	 the	 acetate,	 hydrogen,	 and	 carbon	 dioxide.	 In	 the	 final	 stage	 of	 AD	various	methanogenic	 bacteria	 consume	 the	 acetate	 (acetoclastic	methanogens,	 EQ3),	
Methanogenesis	
Hydrolysis	
Carbohydrates	Proteins	Fats	
Sugars	Amino	Acids	Fatty	Acids	Acetic	Acid	 H2	CO2		
Volatile	Fatty	Acids	
Acetic	Acid	 H2	CO2		
Acidogenesis	Acidogenesis	
Acidogenesis	
Acetogenesis	
40-70%	CH4	CH4,	CO2		
Methanogenesis	
Methanogenesis	
Figure	1:	Four	main	stages	of	Anaerobic	Digestion,	adapted	from	Li,	
Park	&	Zhu	(2011)	
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hydrogen	 (hydrogenotrophic	methanogens,	 EQ4)	 and	methyl	 alcohol	 (methylotrophic	methanogens,	 EQ5),	 and	 convert	 these	 intermediate	 products	 into	 methane.	 	 At	 this	final	stage,	pH	will	be	around	6.7-8.0	(Gerardi	2003).		4CH3COOH	à	4CH4	+	4CO2		 (3)	CO2	+	4H2	à	CH4	+	2H2O		 (4)	3CH3OH	+	3H2	à	3CH4	+	3H2O	 (5)			The	theoretical	or	maximum	methane	yield	of	a	substrate	can	be	calculated	(EQ6)	from	the	elemental	 composition	of	 the	substrate	CcHhOxNnSs	 	with	22.4	used	as	a	 the	molar	volume	of	any	ideal	gas	(Yang,	Y	et	al.	2004).				
/012 = 22.4(62 + ℎ8 − :4 − 3;8 − <4)126 + ℎ + 16: + 14; + 16<	 (6)		The	methane	yield	obtained	in	practice	however	rarely	achieves	more	than	60%	of	the	calculated	 theoretical	 yield	 as	 the	 substrate	 can	 contain	 other	 compounds	which	 are	resistant	to	degradation,	such	as	lignin,	as	well	as	compounds,	which	require	additional	hydrolysis	such	as	cellulose,	hemicellulose	or	proteins	(Yang,	Y	et	al.	2004).			Biogas	produced	is	often	used	on-site	at	biogas	plants	or	fed	into	the	public	grid.	It	can	also	be	applied	as	a	vehicle	fuel	however	applications	such	as	this	require	the	biogas	to	be	 processed	 and	 upgraded	 to	 the	 highest	 quality	 (Weiland	 2003).	 Furthermore,	 the	digested	 residue	which	exits	 the	 reactor	 is	highly	 stabilised.	Thus	anaerobic	digestion	implements	high	end	recycling	technology	through	the	resource	recovery	of	biogas	and	digestate,	with	limited	odour	issues	in	contrast	to	aerobic	composting.			AD	 can	 be	 regarded	 as	 a	 dual-purpose	 technology	 as	 it	 both	 stabilises	 solid	 biomass	waste	and	converts	the	complex	organic	material	of	such	waste	into	biogas,	thus	having	
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the	ability	 to	convert	a	waste	management	 issue	 into	a	profit	centre.	 It	 is	 regarded	as	one	 of	 the	 most	 widely	 implemented	 biotechnology	 solutions	 in	 the	 management	 of	organic	waste	 as	 it	 exhibits	 both	 economical	 and	 energy	 recovery	 benefits	 	 (Weiland	2003).	This	process	takes	advantage	of	waste	material	as	feedstock	which	are	available	all	year	round	at	lost	cost,	producing	high-quality	end	products	(Tognetti,	Mazzarino	&	Laos	2011).			
2.1.3.1. Digester	Types	and	Configurations	The	 three	 fundamental	 requirements	 for	 the	 design	 of	 any	 anaerobic	 digester;	 to	continuously	 handle	 a	 high	 organic	 loading	 rate,	 to	 have	 a	 short	 hydraulic	 retention	time	 in	 order	 to	 have	 smaller	 reactor	 volume,	 and	 to	 produce	 a	 high	 volume	 of	 high	quality	biogas	(Ward	et	al.	2008).	There	are	several	different	types	of	digesters	which	are	 used	 in	 industry	 including	 batch,	 continuous	 one-stage	 system,	 continuous	 two-stage/multi-stage	 system.	 Additional	 methanizers	 such	 as	 the	 anaerobic	 sequencing	batch	 reactor	 (ASBR),	 continuously	 stirred	 tank	 reactor	 (CSTR),	 upflow	 anaerobic	sludge	 blanket	 (UASB),	 tubular	 reactor,	 and	 anaerobic	 filters	 also	 exist	 in	 order	 to	separate	 acidogenic	 and	 methanogenic	 microorganisms	 to	 ensure	 neither	 reaction	 is	limited	by	the	other	(Bouallagui	et	al.	2005).	Solids	loading	in	the	reactor	can	also	differ	from	a	Liquid	digester	operating	at	<15%	total	solids	to	a	Solid-State	digester	operating	at	20-35%	total	solids.	Table	3	below	compares	the	advantages	and	disadvantages	of	a	number	of	different	types	of	digesters,	attributed	from	(Benzie	et	al.	2013)	
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Table	3:	Comparison	of	digester	types,	adapted	from	Benzie	et	al.	(2013)	
Digester	 Disadvantages	 Advantages	
One-stage	 • Longer	retention	time	
• Potential	failure	due	to	foam	and	scum	formation	 • Less	technical	therefore	simple	design		
Two-stage	 • Complex	design	
• Higher	capital	and	maintenance	cost		
• Solid	portion	of	feedstock	to	be	removed	in	second	stage	
• Increase	in	biomass	digestion	due	to	recirculation	
• Constant	feed	flowrate	to	second	methanogenic	stage	
• A	more	robust	system	therefore	less	susceptible	to	failure		
Solid-State	
digester	
• Waste	handling	is	more	complex	and	therefore	more	costly	
• Feed	material	must	be	structure	with	high	solid	content	
• More	difficult	mixing	
• Higher	solids	loading	and	biomass	retention	
• Feed	is	more	controlled	
• More	simple	pretreatment	
Liquid	digester	 • Formation	of	scum	when	crops	are	digested	
• High	water	and	energy	requirement	
• Short-circuiting	may	occur	
• Sensitive	to	shock	loads	
• Higher	water	volume	results	in	dilution	of	inhibitors	
Batch	digester	 • Larger	tank	volume	
• Overall	lower	biogas	yield	 • No	required	pumping	or	mixing		• Low	capital	cost	
• Low	process	and	mechanical	requirements	
Continuous	
digester	
• Higher	potential	for	acidification	and	VFA	accumulation	to	occur	 • Simple	design	and	operation	• Low	capital	cost	
• Higher		biomass	retention	
High-rate	digester	 • Long	start-up	phase	
• Channeling	can	occur	at	low	feed	rate	 • More	control	over	feeding	• Low	capital	cost			Batch	 reactors	 are	 quick,	 require	 inexpensive	 equipment,	 and	 are	 the	 simplest	 to	operate	as	they	are	fed	with	feedstock	and	then	left	for	a	period	before	being	emptied	(Khalid	 et	 al.	 2011).	 However	 single-stage	 batch	 reactors	 were	 seen	 as	 having	fluctuations	in	gas	yield	and	quality,	loss	of	biogas	and	restrictions	in	design	(Linke	et	al.	2006).	In	the	continuously	fed	sytems,	all	reactions	take	place	within	one	reactor	for	the	one-stage	design	and,	while	the	AD	process	steps	including	hydrolysis/acidification	and	acetogenesis/methanogenesis	are	separated	in	the	multi-stage	configuration.			Though	simple	in	design	and	operation,	single-storage	process	digesters	have	the	risk	of	organic	 solids	 leaving	 the	 tank,	 resulting	 in	 less	organics	 to	be	digested	and	 thus	 less	yield,	as	well	as	from	biogas	exiting	the	open	reactors.	This	was	found	to	be	common	for	at	 least	 50%	 of	 plants	 evaluated,	 resulting	 in	 5-15%	 methane	 loss	 (Weiland	 2003).	
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Though	much	 research	has	been	carried	out	 regarding	 reactor	 configurations	and	 the	difference	 between	 one-stage	 and	 two-stage	 systems,	 the	 benefits	 of	 two-stage	digestion	 in	 enhancing	 hydrolysis	 and	 methanization	 have	 not	 been	 established.	Furthermore,	the	added	capital,	operation,	and	maintenance	costs	associated	with	two-phase	 systems	 make	 it	 an	 unappealing	 option	 given	 high	 digestion	 rates	 have	 been	achieved	in	single-phase	digesters	(Baere	2000).			Both	 batch	 and	 continuous	 operation	 digesters	 are	 being	 used	 to	 treat	 OFMSW,	 and	their	 development	 over	 the	 past	 20	 years	 within	 Europe	 have	 seen	 commercial	establishment	and	popularity	of	systems	such	as	the	Valorga,	Kompogas,	or	DRANCO,	all	being	used	to	process	kitchen	waste,	MSW	and	yard	waste	(Li,	Park	&	Zhu	2011).	Batch	systems	in	a	multi-stage	configuration	were	evaluated	as	being	the	most	economically	feasible	according	to	a	study	review	conducted	by	Karthikeyan	and	Visvanathan	(2012)	as	continuous	systems	are	more	highly	susceptible	to	short-circuiting	and	take	a	longer	period	 to	recover	 if	 the	system	fails	or	 if	a	constant	organic	 flow	 is	being	 fed	 through	(Karthikeyan	&	Visvanathan	2012).			
2.1.4. 	Performance	Parameters	Though	the	basic	process	of	SS-AD	is	well	known	and	being	implemented	commercially,	there	 is	 still	 much	 research	 that	 needs	 to	 be	 conducted	 in	 terms	 of	 optimisation	 of	biogas	yield	and	enhancing	the	quality	of	digestate	(Karthikeyan	&	Visvanathan	2012).	Commercial	 feasibility	of	SS-AD	 is	heavily	reliant	on	 its	process	stability	as	well	as	 its	ability	 to	 handle	 a	 largely	 diverse	 heterogeneous	 feedstock	 (Kayhanian	 1999).	 The	following	parameters	were	identified	as	being	the	most	crucial	in	identifying	how	well	the	digester	is	performing	and	are	indicators	for	digester	health	and	are	outlined	below	in	Table	4	(Crolla	et	al.	2012).			 	
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Table	4:	Conditions	of	a	stabilised	anaerobic	digester,	attributed	from	Crolla	et	al.	(2012)	
Parameter	 Optimal	Range	
Alkalinity	 1500-4000	mg	CaCO3/L	
pH	 6.8	-	7.2	
VS/TS	(volatile	solids/total	solids)	 >45%	
NH4-+N	(ammonium)	 <1500	mg/L	
C:N:P	(carbon-nitrogen-phosphorous	ratio)	 100-120:5:1	
C:N	(carbon-nitrogen	ratio)	 20-30	
IA/TA	(intermediate	alkalinity	to	total	alkalinity)	 0.1-0.2 (<0.4)		
2.1.4.1. 	Volatile	Fatty	Acids,	pH	and	Alkalinity	Volatile	 fatty	 acid	 distribution	 is	 affected	 by	 production	 and	 consumption	 rate	 by	microorganisms,	 solid	 retention	 time	 (SRT)	 and	 leachate/digestate	 recirculation,	pretreatment,	and	characteristics	of	feedstock	(Karthikeyan	&	Visvanathan	2012).	VFAs	can	 accumulate	 in	 a	 system	when	 the	methanogens	 cannot	 keep	 up	with	 the	 rate	 of	breakdown	of	the	earlier	stages,	causing	a	drop	in	pH	and	alkalinity	which	in	turn	will	inhibit	 methanogens,	 resulting	 in	 system	 failure	 (Yang,	 L	 et	 al.	 2015).	 Hence	accumulation	 of	 VFAs	 can	 occur	 if	 the	 digester	 is	 overloaded	 especially	 when	 the	substrate	within	 the	digester	 is	easily	digestible.	Khanal	 (2008)	states	 that	 the	VFA	to	alkalinity	ratio	is	an	indication	of	imbalance	in	the	system,	where	this	value	is	≤0.4	in	a	healthy	system,	and	a	ratio	≥0.8	will	result	in	failure.	This	idea	is	opposed	however	by	Duan	 et	 al.	 (2012),	 who	 stated	 that	 this	 ratio	 is	 no	 indication	 especially	 in	 ammonia	inhibited	 systems.	 As	 the	 biological	 archae	 present	 in	 anaerobic	 digesters	 is	 quite	robust,	the	ideal	pH	fluctuates	from	process	to	process	though	in	general	the	optimal	pH	for	methanogenesis	 to	occur	 ranges	between	6.8-7.2,	while	 for	hydrolysis	 a	pH	of	5.5	and	acidogenesis	6.5	are	considered	suitable	(Khalid	et	al.	2011).			
2.1.4.2. Ammonia-N	 	Ammonia	 is	 produced	 by	 the	 breakdown	 of	 nitrogenous	 matter	 in	 the	 digester,	commonly	 present	 in	 the	 form	 of	 proteins	 and	 urea	 (Chen,	 Cheng	 &	 Creamer	 2008).	Around	 60-80%	 of	 total	 Nitrogen	 (from	 proteins	 and	 other	 organic	 compounds)	 are	converted	 to	 ammonia-N	 during	 AD	 (Karthikeyan	 &	 Visvanathan	 2012).	 A	 healthy	system	will	 have	a	 concentration	of	 around	200mg/L	 to	 support	 anaerobic	 growth	of	bacteria.	Concentrations	of	ammonia-N	over	1500mg/L	will	cause	moderate	inhibition	
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while	 concentrations	 greater	 than	 3000mg/L	 will	 cause	 100%	 inhibition	 of	methanogenesis	(Gerardi	2003).	The	study	conducted	by	Kayhanian	(1999)	found	that	effects	 of	 ammonia	 inhibition	 in	 high-solid	 reactors	 could	 be	 mitigated	 via	 two	processes;	dilution	with	water	in	extreme	ammonia	overloads,	or	altering	feedstock	to	adjust	C/N	ratio	in	more	slight	overloads.			An	estimation	of	the	amount	of	ammonia	that	is	generated	during	the	AD	of	a	substrate	can	be	calculated	using	 the	 following	equation	(Tchobanoglous,	Theisen	&	Vigil	1993)	based	on	stoichiometric	relationships.			 >?@ABCDE + 4? − F − 2C + 3E4 @GB → 4? + F − 26 − 3I8 >@2 + 4? − F + 26 + 3I8 >BG + ID@J	 (7)		
2.1.4.3. Biogas	Yield	and	Digestate	Quality		The	 final	 end	products	of	AD	are	methane-rich	biogas	 (60-70%	CH4),	 as	well	 as	high-quality	digestate	with	high	nutrient	content,	which	can	be	applied	as	a	soil	conditioning	product.	In	terms	of	process	outputs,	the	construction	and	operation	of	any	AD	plant	is	only	 economically	 feasible	 if	 it	 is	 capable	 of	 achieving	 biogas	 yields	 greater	 than	30m3/tonne	of	treated	waste	material	(DAE	1995).	It	is	well	known	that	lignocellulosic	biomass	 such	 as	 GW	 typically	 has	 overall	 low	 cumulative	 methane	 yield	 due	 to	 its	recalcitrant	structure,	on	average	only	producing	around	10%	of	its	theoretical	methane	yield	(Yang,	L	et	al.	2015;	Zhao,	J.	et	al.	2014).	However	different	techniques	such	as	co-digestion	or	pretreatment	can	be	applied	either	before	or	during	AD	in	order	to	enhance	this	yield.	 	The	biomethane	production	potential	of	different	streams	of	organic	waste	are	summarised	below	in	Table	5	(Benzie	et	al.	2013).			 	
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Table	5:	Biomethane	production	of	organic	waste	streams	
Organic	waste	material	 Biogas	production	potential		
(m3/tonne	feedstock)	
Maize	 107.3	
Barley	 233.1	
Rye	 266.6	
Triticale	 246.5	
Sugar	beet	 167.2	
Hemp	 83.2	
Alfalfa	 132.2	
Rice	straw	 156.6	
Human	excreta	 80.	
Cattle	slurry	 22	
Pig	manure	 22	
Sheep	manure	 54.4	
Poultry	litter	 44.5	
Slaughterhouse	waste	(cattle/pig/sheep)	 156	
Slaughterhouse	waste	(poultry)	 110-140	
Grass	(hay)	 100-118	
Grass	with	chicken	manure	 350	
Paper	with	chicken	manure	 400-500	
Sewage	sludge	 600	
Wheat	straw	 125	
Water	hyacinth	 14.7			The	 cumulative	 methane	 production	 from	 various	 organic	 green	 waste	 materials	 is	shown	below	 in	Table	6	 and	 shows	 that	 the	 yield	obtained	 for	 green	waste	 including	OFMSW,	yard	 trimmings,	and	FW,	can	vary	greatly	 from	study	 to	study	dependent	on	the	 conditions	 at	 which	 digestion	 was	 operated	 at.	 Factors	 which	 are	 typically	investigated	which	may	influence	the	final	yield	include	TSL	and	operating	temperature.			 	
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Table	6:	Summary	on	anaerobic	digestion	of	green	organic		waste	
Substrate	 Wet	or	Dry		 Operating	
Temperature	
(°C)	
Digestion	Period	
(days)	
Methane	
Yield	
(L/kg	VS)	
Reference	
MSW	 Dry	 55	 35	 360	 (Vogt	et	al.	2002)	
OFMSW	 Dry	 55	 60	 530	 (Forster-Carneiro	et	al.	2007)	
Yard	trimmings		 Dry	 37	 28	 20	 (Ge	et	al.	2014;	Zhao,	J.	et	al.	2014)	
Tropical	
biomass	wastes		
Wet	Dry	 37	37	 24	50	 345	-	384	59.6	-	156.8	 (Ge	et	al.	2014)	
Spruce	
birch	
Wet	Wet	 55	55	 30	30	 250	30	 (Mirahmadi	et	al.	2010)	
Yard	trimmings	 Dry	 37	 62	 97	 (Lin,	Ge	&	Li	2014)	
Yard	waste		 Dry	 36	 30	 50	 (Brown	&	Li	2013)	
OFMSW	 11%	TS	13.5%	TS	16%	TS	SS-OFMSW	
30	 60	 273	283	314	275-410	
(Dong,	Zhenhong	&	Yongming	2010)	
OFMSW	
OF		
Fruit/veg	
Meat/fish	
Cereal	
Garden	
	 37	 	 145	194	163	291	175	77	
(Nielfa	 et	al.	2015)	
	
2.1.4.4. Percentage	Volatile	Solids	Destruction	A	correlation	between	volatile	solids	(VS)	reduction	and	cumulative	methane	yield	was	observed	 in	 the	 study	 conducted	 by	 Brown	 and	 Li	 (2013),	 where	 VS	 reduction	 was	greatest	 at	 higher	 cumulative	 yields	 and	 lower	 where	 reactors	 were	 susceptible	 to	failure	and	thus	produced	little	methane	(Brown	&	Li	2013).			
2.1.5. Co-digestion	of	Organic	Wastes	Co-digestion	 is	 the	 simultaneous	 digestion	 of	 more	 than	 one	 substrate	 with	complementary	 characteristics	 and	 has	 become	 popular	 as	 the	 digestion	 of	 several	materials	can	give	higher	methane	yields	than	those	expected	when	single	materials	are	treated	individually,	and	is	all	dependent	on	the	energy	density	and	biodegradability	of	the	material	 itself	 (Weiland	 2003).	 5%	 of	 the	 AD	 plants	 found	 in	 Germany	 (a	 highly	bioenergy-developed	 country)	 are	 large-scale	 infrastructure	 co-digesting	 a	mixture	 of	
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animal	manure	with	 non-agricultural	 substrates,	while	more	 than	 90%	 (of	which	 are	small-scale	farm	operated)	of	plants	co-digest	materials	sourced	from	food/agricultural	industries	 and	 the	municipal	 sector	 (Weiland	2003).	 Some	of	 the	 reasons	 linked	with	enhancement	 are	 related	 to	 the	 combinations	 of	 substrates	 which	 result	 in	 positive	interaction	 within	 the	 system,	 influencing	 C:N	 ratio	 and	 reactor	 stability,	 balancing	buffer	 capacity,	 supplementing	 nutrients,	 and	 reducing	 negative	 effects	 of	 toxic	 or	inhibitory	compounds.		Any	biomass,	which	is	primarily	composed	of	carbohydrates,	proteins,	lipids,	cellulose,	or	 hemicellulose,	 can	 be	 used	 as	 a	 substrate	 for	 anaerobic	 digestion,	 and	 a	 given	material’s	theoretical	methane	yield	will	vary	with	the	composition.	Lipids	are	regarded	as	 fats,	 liquid	 oils,	 and	 grease,	 and	 can	 be	 found	 present	 in	 slaughterhouses	 or	 dairy	farms,	 have	 a	 high	 number	 of	 C	 and	 H	 atoms	 in	 their	 molecules	 and	 thus	 provide	 a	higher	 biogas	 yield	 but	 the	 digestion	 process	 can	 be	 slow	 and	 also	 methanogenic	bacteria	 can	 be	 inhibited	 (Esposito	 et	 al.	 2012).	 Carbohydrates	 are	 mainly	 found	 in	some	 food	 wastes	 and	 agricultural	 residues,	 and	 digestion	 of	 such	 materials	 is	dependent	 upon	 the	 ratio	 between	 the	 rates	 of	 the	 acidification	 process	 and	 the	methanogenic	 process,	 and	 in	 general	 tend	 to	 have	 higher	 digestion	 rates	 but	 overall	lower	biogas	yield	(Esposito	et	al.	2012).	Similar	to	 lipid-rich	materials,	wastes	rich	in	proteins	 are	 commonly	 found	 in	 slaughterhouses	 and	 meat-processing	 facilities,	 and	tend	 to	 have	 high	 nitrogen	 content	 and	 therefore	 ammonia	 concentration	 can	 be	 a	potential	point	of	digestion	inhibition	(Esposito	et	al.	2012).	Furthermore,	it	is	also	rich	in	Nitrogen	(N).			
2.1.5.1. Controlling	Carbon-Nitrogen	Ratio	All	organic	substrates	contain	certain	concentrations	of	carbohydrates,	proteins,	lipids,	cellulose,	hemicellulose	and	lignin,	and	its	rate	of	hydrolysis	or	yield	is	dependent	upon	this.	 Karthikeyan	 and	 Visvanathan	 (2012)	 outlined	 the	 benefits	 of	 co-digestion,	including	the	ability	to	manipulate	C/N	ratio	to	increase	reactor	stability,	balancing	the	buffer	capacity,	improving	rheological	properties	of	system,	supplementing	any	lack	of	nutrients,	 reducing	 the	 negative	 effects	 of	 toxins	 or	 inhibitory	 compounds,	 and	most	importantly	increased	biogas	yield	and	higher	quality	digestate.			
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Though	both	OFMSW	and	GW	are	both	regarded	as	green	organic,	lignocellulosic	GW	is	a	 carbohydrate-rich	waste	 stream	rich	 in	Carbon	 (C),	 and	 typically	known	 to	produce	very	low	cumulative	methane	yields	when	compared	to	other	organic	waste	streams.	In	contrast	 OFMSW	 or	 FW	 typically	 have	 a	 high	 concentrations	 of	 organic	 solubles	 and	therefore	 are	 rich	 in	 Nitrogen	 (N)	 which	 are	 easily	 converted	 to	 VFAs	 during	 the	digestion	period	which	can	lead	to	acidification	and	ultimately	reactor	failure	(Li,	Park	&	Zhu	2011).			Co-digestion	directly	affects	the	Carbon/Nitrogen	(C/N)	ratio	within	the	digesters	and	is	recognised	as	the	most	important	feedstock	parameter	when	designing	a	dry	digestion	reactor,	 influencing	 reactor	 stability,	 balancing	 buffer	 capacity,	 supplementing	nutrients,	and	reducing	negative	effects	of	toxic	or	inhibitory	compounds.	The	C/N	ratio	is	seen	as	one	of	the	governing	parameters	affecting	the	health	of	a	dry	digester	and	will	typically	have	a	concentration	falling	within	the	range	of	20-30,	an	optimal	ratio	being	25	 (Li,	 Park	 &	 Zhu	 2011).	 This	 value	 is	 ultimately	 dependent	 on	 the	 feedstock,	 with	carbohydrate-rich	 lignocelluloses	 commonly	 having	 C/N	 greater	 than	 50	 while	 other	more	protein-rich	waste	streams	from	farms	and	abattoirs	tend	to	have	C/N	<	20	(Yang,	L	et	al.	2015).		OFMSW	rich	 in	 food	waste	contains	high	concentrations	of	organic	solubles	which	are	easily	converted	to	VFAs,	causing	inhibition	to	methane	producing	bacteria,	and	in	such	cases	 co-digesting	 FW	 with	 a	 more	 carbohydrate-rich	 substrate	 such	 as	 agricultural	residues	 or	 yard	waste	may	 assist	 in	 reducing	 inhibition	 (Li,	 Park	 &	 Zhu	 2011).	 The	study	conducted	by	Brown	and	Li	(2013)	on	the	co-digestion	of	food	waste	with	C/N	of	11.4	and	yard	waste	with	C/N	of	55.3,	 investigated	the	ideal	mixing	ratio	of	these	two	waste	streams	with	respect	to	changes	in	S/I	ratios.		While	GW	was	the	main	substrate,	an	even	S/I	ratio	of	1	showed	that	 food	waste	addition	of	20%	and	10%	resulted	 in	a	2.8-	and	1.5-	fold	increase	in	the	peak	daily	methane	production.		However	with	higher	S/I	 ratios	 of	 3,	 the	 same	 percentage	 of	 food	 waste	 addition	 would	 result	 in	 reactor	failure	due	 to	excess	amounts	of	easily	digestible	organics	causing	over	production	of	VFAs.	 Methane	 contents	 in	 successful	 reactors	 were	 between	 50-70%.	 A	 study	conducted	by	Lin,	Ge	and	Li	 (2014)	on	 the	 co-digestion	of	 spent	mushroom	substrate	(SMS)	with	yard	trimmings	via	SS-AD	at	mesophilic	conditions	for	62	days	showed	co-
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digestion	of	the	two	increased	the	cumulative	methane	yield	2-fold,	i.e.	from	97L/kg	VS	(from	yard	trimmings	alone)	to	194L/kg	VS	(Lin,	Ge	&	Li	2014).			
2.1.5.2. Buffering	Capacity	The	ability	 to	adjust	 the	C/N	ratio	of	substrates	entering	a	digester	gives	control	over	the	buffering	capacity	of	 the	digester	as	well.	When	mixing	 feedstocks,	 low	C/N	ratios	can	 result	 in	 the	accumulation	of	 intermediate	 compounds,	 like	VFAs	or	TAN,	both	of	which	in	high	concentrations	are	potentially	inhibitory	causing	reactor	failure	(Li,	Park	&	Zhu	2011).	In	contrast,	high	C/N	ratio	will	result	in	the	rapid	consumption	of	nitrogen	by	methanogenic	 bacteria	 resulting	 in	 low	 biogas	 yield	 (Kayhanian	 1999).	 The	 study	conducted	by	(Zeshan,	Karthikeyan	and	Visvanathan	(2012))	investigated	the	effects		of	C/N	 ratios	 27	 and	 32	 in	 regards	 to	 the	 accumulation	 of	 ammonia-N,	 and	 found	 that	using	TAN/TKN,	the	C/N	ratio	of	32	produced	 less	accumulation	of	ammonia-N	under	commonly	used	retention	times	(20-30	days).			Where	 one	waste	 stream	may	 lack	 nutrients	 however	 have	 a	 highly	 diverse	 bacterial	community;	 another	 stream	 may	 have	 an	 abundance	 of	 nutrients	 and	 lack	 bacterial	diversity.	These	two	waste	materials	can	be	combined	to	optimise	the	digestion	process	(Macias-Corral	 et	 al.	 2008).	 Iron,	 nickel,	 cobalt,	molybdenum,	 tungsten,	 and	 selenium,	were	 found	 to	enhance	 the	growth	of	anaerobic	bacteria	and	biosynthesis	of	methane	when	 applied	 with	 enzymes	 (Nges,	 Bjorn	 &	 Bjornsson	 2012).	 Furthermore,	micronutrients	 were	 found	 to	 increase	 process	 stability,	 especially	 during	 VFA	accumulation	 (Banks	 et	 al.	 2012).	 The	 co-digestion	 of	 different	 materials	 therefore	allows	a	greater	range	and	balance	of	nutrients	 in	a	system,	where	various	substrates	offer	 varying	macro-	 and	micro-nutrients	 (Brown	&	Li	 2013;	Esposito	 et	 al.	 2012).	 In	cases	 such	 as	 the	 digestion	 of	 protein-rich	 slaughterhouse	 wastes,	 where	 the	accumulation	 of	 VFAs	 inhibits	 both	 acetogenic	 and	methanogenic	 bacteria	 producing	low	alkalinity	in	the	system,	it	benefits	from	co-digesting	with	more	carbohydrate	rich	substrates	allowing	better	nutritional	balance	(Pagés-Díaz	et	al.	2014).			
2.1.6. Total	Solids	Loading	Liquid	Anaerobic	Digestion	(L-AD)	typically	involves	a	TSL	of	less	than	15%	while	Solid-State	Anaerobic	Digestion	(SS-AD)	typically	has	a	much	higher	TS	loading	of	around	20-
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35%.	SS-AD	has	been	claimed	 to	be	advantageous	over	L-AD	 for	a	number	of	 reasons	including	 smaller	 specific	 reactor	 volume,	 fewer	 moving	 parts	 minimising	 short	circuiting,	 lower	 energy	 requirements	 for	 heating	 and	 stirring,	 minimal	 addition	 of	water,	little	nutrient	loss	and	easier	handling	of	end	products	with	minimal	dewatering	and	lower	volumes	of	effluent	wastewater	(Karthikeyan	&	Visvanathan	2012;	Li,	Park	&	Zhu	2011).	There	are	a	number	of	advantages	and	disadvantages	to	both	processes,	but	much	is	dependent	on	the	nature	of	the	feedstock	to	be	digested.	L-AD	of	organic	solid	waste	 often	 requires	 a	 few	 pretreatment	 steps	 such	 as	 slurrying	 to	 a	 homogenous	consistency,	 screening	 of	 coarse	 and	 heavy	 contaminants	 which	 can	 be	 complex	 and	costly,	 and	 can	 often	 result	 in	 loss	 in	 VS	 of	 around	 15-25%	 and	 a	 resulting	 drop	 in	biogas	 yield	 (Ahring	 et	 al.	 2003).	 AD	 can	 often	 result	 in	 large	 volumes	 of	 effluent	requiring	further	treatment	before	being	discharged,	which	will	prove	to	be	a	huge	task	on	 a	 commercial	 scale.	 In	 contrast,	 SS-AD	 requires	 less	 pretreatment	 of	 organic	substrates	and	less	water	addition	compared	to	L-AD	(Baere	2000).	Furthermore,	it	has	the	ability	to	handle	a	wide	range	of	organic	materials	at	high	organic	loading	rates,	as	much	 as	 4-6	 times	 greater	 than	 L-AD,	 with	 minimal	 addition	 of	 water	 while	 still	achieving	 similar	methane	 yields	 and	 VS	 reduction	 (Duan	 et	 al.	 2012;	 Karthikeyan	 &	Visvanathan	2012).	Furthermore,	there	is	little	nutrient	loss	during	the	SS-AD	process.			An	 optimised	 anaerobic	 digester	will	 be	 able	 to	 treat	more	waste	 in	 dry	mass	 terms	when	compared	to	a	liquid	digester	of	the	same	size.	An	investigation	on	both	L-AD	and	SS-AD	of	albizia	leaves	and	chips	at	mesophilic	conditions	for	30	days	was	conducted	by	Ge	 et	 al.	 (2014)	 showing	 that	 dependent	 on	 feedstock,	 L-AD	 achieved	 much	 higher	methane	 yields	 (161	 and	 113L/kg	 	 VS,	 respectively)	 than	 those	 achieved	 from	 SS-AD	(156.8	 and	59.6L/kg	VS)	however	 SS-AD	obtained	 a	 volumetric	methane	productivity	value	5-times	higher	than	L-AD	(Ge	et	al.	2014).		Other	operational	parameters	which	are	seen	as	having	a	major	effect	on	SS-AD	include	C/N	ratio,	operating	temperature,	and	inoculation	(Li,	Park	&	Zhu	2011).	Furthermore	organic	 loading	 rate	 (OLR),	 solids	 retention	 time	 (SRT)	 or	 hydraulic	 retention	 time	(HRT)	 and	 CH4	 yield	 are	 all	 important	 and	 inter-related	 parameters,	 which	 are	influenced	by	factors	such	as	the	characteristics	of	solid	organics,	digestate	recirculation	rate,	 and	 inhibiting	 substrates.	 Optimising	 the	 conditions	 to	maximise	methane	 yield	
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and	quality	 is	one	of	 the	most	 important	outcomes	of	any	anaerobic	digestion	system.	This	can	also	be	done	by	the	addition	and	adjustment	of	other	accompanying	treatment	processes	such	as	pretreatment	of	organics	prior	to	feeding.		
2.1.7. Operating	Temperature	There	 are	 three	 main	 operating	 temperatures	 for	 the	 AD	 process;	 	 psychrophilic	(optimum	 at	 10°C),	 mesophilic	 (optimum	 at	 37°C),	 or	 thermophilic	 (optimum	 above	50°C)	(Karimi	2015).	Temperature	is	a	very	important	factor	in	AD	as	the	temperature	affects	 the	 activity	 of	 the	microbes	 in	 the	 digester	 with	 the	methane-forming	 archae	being	the	most	vulnerable	to	changes	 in	temperature.	Lower	temperatures	are	known	to	result	in	lower	microbial	growth,	substrate	utilisation	and	thus	decrease	cumulative	biogas	yield	however	high	temperatures	are	also	associated	with	decreased	biogas	yield	due	to	production	of	volatile	gases	such	as	ammonia	(Khalid	et	al.	2011).				Both	mesophilic	and	thermophilic	conditions	have	been	applied	to	SS-AD.	An	operating	temperature	 of	 around	 35-37°C	 is	 considered	 appropriate	 and	 any	 change	 from	mesophilic	 to	 thermophilic	will	 slowdown	 biogas	 production	 but	will	 increase	 as	 the	necessary	 microbial	 populations	 increase	 again	 (Khalid	 et	 al.	 2011).	 In	 general,	mesophilic	conditions	can	be	seen	as	more	established	as	they	are	typically	regarded	as	having	 more	 stability	 but	 tend	 to	 have	 a	 slower	 start-up	 phase,	 while	 thermophilic	conditions	result	in	more	rapid	conversion	of	organic	acids	and	in	turn	are	now	seen	as	a	more	acceptable	mode	for	SS-AD	(Ge,	Xu	&	Li	2016).	Running	SS-AD	at	thermophilic	conditions	has	also	seen	increases	of	25-30%	in	CH4	yields	balancing	out	the	cost	of	the	associated	 increase	 in	 heating	 requirements	 (Karthikeyan	 &	 Visvanathan	 2012).	 The	benefits	of	a	higher	temperature	(thermophilic)	system	also	mean	higher	bioconversion	rates,	 resulting	 in	 lower	 SRT/HRT	 and	 thus	 small	 reactor	 volumes,	 with	 an	 end	digestate	typically	of	higher	quality	and	pathogen	free	(Li,	Park	&	Zhu	2011).			
2.1.8. Organic	Loading	Rate	and	Solids	Retention	Time	Inoculation	 of	 the	 fresh	 feedstock	 is	 required	 during	 SS-AD	 in	 order	 to	 speed	 up	 the	reaction	process.	The	inoculum	typically	contains	a	diverse	mix	of	bacteria	and	archae,	usually	 obtained	 from	 a	 previous	 anaerobic	 digestion	 batch	 and	 called	 “adapted	culture”.	 In	 contrast	 to	 L-AD,	 SS-AD	 requires	 a	 greater	 volume	 of	 inoculum	 to	 obtain	
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higher	 biogas	 yields	 (Karthikeyan	 &	 Visvanathan	 2012).	 An	 efficient	 substrate-to-inoculum	ratio,	also	known	as	inoculum	factor	(I),	will	decrease	SRT	and	improve	biogas	yield,	and	was	 found	 to	be	0.5-0.6	when	solid	OFMSW	underwent	SS-AD	(Brummeler,	Aarnink	 &	 Koster	 1992).	 Furthermore,	 the	 leachate	 or	 digestate	 from	 SS-AD	 can	 be	recycled	 back	 to	 inoculate	 new	 fresh	 feedstock	 entering	 the	 digester	 (Li,	 Park	 &	 Zhu	2011).			The	 organic	 loading	 rate	 (OLR)	 is	 a	 measure	 of	 the	 system’s	 capacity	 for	 biological	conversion,	and	thus	its	efficiency	and	required	food-to-effluent	(F/E)	ratio,	also	known	as	 the	 substrate-to-inoculum	 (S/I)	 ratio.	 Varying	 OLR	 through	 digestion	 period	 can	improve	 biogas	 yield.	 Furthermore,	 providing	 different	 feedstocks	 can	 improve	 the	system	microorganisms	by	introducing	a	more	rich	and	diverse	community	which	can	ultimately	 lead	 to	 a	 “stable”	 inoculum	 in	 the	 system,	 able	 to	 resist	 and	 tolerate	 any	inhibiting	 process	 conditions.	 The	 organic	 loading	 rate	 may	 be	 calculated	 using	 the	following	equations,	where	OLR	=	organic	loading	rate	(kg	substrate/m3	digester/day),	RT	 =	 retention	 time	 (days),	 S	 =	 substrate	 concentration	 (kg	 TSVS	 of	 substrate),	 V	 =	volume	of	bioreactor	(m3),	Q	=	flow	rate	(m3/day)	(Karthikeyan	&	Visvanathan	2012).		BKL = M. NO = NLP	LP = OM			The	solid	retention	time	(SRT)	is	the	ratio	of	volumetric	inflow	and	outflow	of	organics	with	respect	to	time,	or	in	other	words,	the	average	amount	of	time	solids	remain	in	the	reactor.	 This	 time	 can	 range	 from	 14	 to	 60	 days	 for	 SS-AD	 systems	 (Karthikeyan	 &	Visvanathan	2012).			A	 few	 studies	 have	 investigated	 the	 effects	 of	 F/E	 ratio	 on	 cumulative	methane	 yield	during	SS-AD	(Brown	&	Li	2013;	Lin,	Ge	&	Li	2014).	A	study	on	the	co-digestion	of	yard	waste	and	food	(FW)	waste	via	SS-AD	investigating	F/E	ratios	of	1,	2,	and	3,	and	0,	10,	or	20	 percentage	 composition	 of	 FW	 in	 feed	 mixtures	 was	 conducted	 by	 (Brown	 &	 Li	2013).	 Methane	 production	 rate	 and	 cumulative	methane	 yield	 dropped	 significantly	
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with	 increasing	F/E,	 the	maximum	achieved	by	a	20%	FW	mixture	at	F/E	of	1	with	a	cumulative	 yield	 of	 around	 120L/kg	 VS	 (Brown	 &	 Li	 2013).	 This	 trend	 is	 similar	 to	results	obtained	for	SS-AD	of	yard	trimmings	obtained	by	(Lin,	Ge	&	Li	2014)	where	F/E	ratios	of	2,	3,	and	4	were	investigated,	with	results	 from	increasing	F/E	ratio	showing	steady	decreases	in	cumulative	methane	yields	with	97,	84	and	66L/kg	VS,	respectively.		
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2.2. Pretreatment	of	Green	Waste		
2.2.1. Introduction	All	 organics	 are	potential	 feedstock	 for	 anaerobic	digestion	 and	 though	many	organic	waste	streams	are	easily	digested	and	have	been	used	on	a	commercial	scale.	However	there	 still	 remains	 a	 large	 proportion	 classed	 ‘lignocellulosic	 material’	 which	 is	underutilised	due	to	its	complex	cellulose-hemicellulose-lignin	structure,	despite	being	the	most	abundant	renewable	resource	on	Earth.	The	theoretical	yield	of	a	substrate	can	be	calculated	using	the	following	equation	according	to			 >Q@RBSDTNU + V@GB → :>@2 + WD@J + X@GN + (Y − :)>BG		 (7)			where		: = (4Y + Z − 2[ + 3W − 2X)/8		 (8)	V = (4Y − Z − 2[ + 3W + 2X)/4		 (9)		however	 the	 biodegradability	 of	 a	 substrate	 is	 the	 main	 factor	 governing	 what	percentage	 of	 the	 theoretical	 yield	 is	 achieved	 (Deublein	 &	 Steinhauser	 2008;	Teghammar,	Anna	et	al.	2012).	As	expected,	raw	lignocelluloses	have	low	yield	and	this	is	the	reason	pretreatment	is	applied.	The	aim	of	pretreatment	is	to	allow	microbes	to	more	 easily	 hydrolyse	 complex	 carbohydrates	 into	 simple	monomers,	 increase	 lignin	solubilisation	and	accessibility	to	bacteria,	reduce	the	level	of	sugar	degradation,	as	well	as	being	economically	and	environmentally	feasible	(Karthikeyan	&	Visvanathan	2012).		However,	optimisation	of	 any	process	 can	be	quite	 complex	when	applied	 to	a	varied	substrate	such	as	GW.	As	it	 is	a	mixture	of	various	plant	components	including	leaves,	cones,	 bark	 and	 branches,	 all	 of	 which	 have	 varying	 compositions,	 all	 will	 react	differently	 to	 pretreatment	 though	 is	 proven	 to	 enhance	 biogas	 yield	 to	 a	 degree	(Salehian	&	Karimi	2013).			
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2.2.2. 	Nature	of	Green	Waste	
2.2.4.1. Diverse	Composition	of	Green	Waste		Though	 there	 is	 a	 great	 potential	 for	 green	 waste	 to	 be	 used	 for	 the	 recovery	 of	bioenergy,	 a	 level	 of	 contamination	 is	 associated	 with	 green	 waste	 bins	 and	 can	 be	attributed	to	a	small	fraction	of	careless	household	green	bin	users.	The	Melton	Council	conducted	an	audit	of	their	green	organics	bin	in	the	year	2007,	and	found	that	94%	of	green	waste	material	was	recovered	and	process	while	the	remaining	6%	accounted	for	contaminants(Melton	2011).		
2.2.2.1. Lignocellulosic	Structure	In	understanding	 the	processes	undertaken	 to	 convert	green	waste	 into	a	more	value	added	product,	 it	 is	necessary	to	understand	what	makes	up	green	waste.	Though	it	is	defined	as	grass	clippings,	tree	prunings,	and	small	branches,	looking	at	it	more	closely,	almost	 all	 this	 plant	material	 is	 termed	 lignocellulosic	 as	 it	 is	 primarily	 composed	 of	cellulose,	 hemicellulose	 and	 lignin.	 The	 following	 sections	will	 give	 a	 brief	 outline	 to	their	structure.			Cellulose	makes	 up	 around	 40-50%	 of	 the	 dry	weight	 of	 plants,	 whilst	 hemicellulose	makes	up	20-30%(Wyman	et	al.	2005).	Cellulose	 is	an	 important	structural	 feature	of	the	primary	cell	wall	of	all	plant	materials	and	is	present	as	polymers	of	glucose	β-(1-4)-linked	D-glucopyranose	monomer	units,	of	which	hundreds	 to	over	 tens	of	 thousands	are	 fused	 together	 by	 hydrogen	 bonds	 to	 form	 microfibrils.	 These	 microfibrils	 are	tightly	 bound	 together	 by	 hemicellulose	 to	 form	macrofibrils	 (Delmer	&	Amor	1995).	The	crystalline	structure	of	cellulose	has	been	extensively	studied	by	x-ray	diffraction	and	 infrared	 radiation.	 Crystalline	 cellulose	 chains	 have	 been	 found	 to	 exist	 in	 flat,	helical	 conformations.	 Slight	 variations	 in	 this	 chain	 show	 crystalline	 polymorphs,	 of	which	 there	 are	 seven	 different	 types:	 Iα,	 Iβ,	 II,	 IIII,	 IIIII,	 IVI,	 IVII.	 These	 difference	physical	and	chemical	properties	of	each	polymorph	vary	 in	solubility,	density,	 shape,	and	melting	point.	 	 Iα,	 Iβ	are	the	most	 likely	to	be	found	in	plants	and	thus	are	native	cellulose.	Cellulose	I	is	comprised	of	chains	all	aligned	in	parallel	where	(1-4)	glycosidic	bonds	 all	 face	 the	 same	 direction	 across	 the	 microfibril.	 Cellulose	 II	 is	 the	 most	commonly	 found	in	 industrially	processed	cellulose,	 formed	through	regeneration	and	mercerization	of	Cellulose	I	(Wyman	et	al.	2005).		
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In	 contrast,	 hemicellulose	 is	 defined	 as	 noncellulose,	 nonpectin	 cell	 wall	 hetero-polysaccharides,	 comprised	 of	 a	 number	 of	 sugars	 and	 are	 classified	 based	 on	 the	primary	sugars	present	in	the	backbone	such	as	glucans,	xylans	and	mannans	(Wyman	et	 al.	 2005).	 Its	 varying	 range	 in	 sugars	 is	 the	 main	 reason	 for	 its	 amorphous	configuration	meaning	 that	 it	 is	 quite	 susceptible	 to	 hydrolysis	whilst	 cellulose	 is	 not	(Taherzadeh,	Mohammad	J	&	Karimi,	Keikhosro	2008).			Lignin	 is	 made	 up	 of	 phenylpropane	 units	 in	 a	 three-dimensional	 matrix	 structure,	which	are	chemically	bound	to	both	cellulose	and	hemicellulose,	in	general	making	the	plant	cell	wall	resistant	to	degradation	(Anne	Kallioinen	2013;	Taherzadeh,	Mohammad	J	 &	 Karimi,	 Keikhosro	 2008).	 It	 can	 be	 separated	 from	 extractive	 free	 material	 after	subsequent	hydrolytic	removal	of	polysaccharides.	The	commonly	used	Klason	lignin	is	used	to	determine	the	amount	of	 lignin	present	by	hydrolyzing	the	material	with	72%	sulfuric	 acid,	 however	 the	 structure	 of	 lignin	 can	 be	 dramatically	 altered.	 Otherwise	lignin	 can	 be	 extracted	 via	 enzymes,	 which	 is	 tedious	 but	 results	 in	 compositionally	unchanged	cellulytic	enzyme	lignin	(CEL)	(Sjostrom	1981).			
2.2.2.2. Pretreatment	Requirements	All	 agricultural	 crops	 are	 potential	 feedstock	 for	 anaerobic	 digestion	 however	 the	process	 is	 a	 little	more	 complicated	 for	 organic	materials	which	 are	 already	 lignified.	Though	 many	 organic	 waste	 streams	 are	 easily	 digested	 and	 are	 done	 so	 on	 a	commercial	scale,	there	still	remains	a	large	proportion	which	is	underutilised	due	to	its	complex	 cellulose-hemicellulose-lignin	 structure	 (Karthikeyan	 &	 Visvanathan	 2012).	Lignocelluloses,	 primarily	 composed	 of	 cellulose,	 hemicellulose,	 and	 lignin,	 are	 quite	resistant	 to	 enzymatic	 breakdown	 due	 to	 its	 crystalline	 structure,	 thus	 making	 it	recalcitrant	 (Kallioinen,	 A.	 et	 al.	 2013).	 When	 dealing	 with	 lignocellulosic	 material,	hydrolysis	during	digestion	tends	to	be	the	most	rate-limiting	aspect,	as	the	lignin	and	hemicellulose	 bound	 to	 cellulose	 provides	 a	 protective	 cover	 making	 lignocelluloses	recalcitrant	to	enzymatic	attack.	The	aim	of	pretreatment	is	to	increase	accessibility	to	enzymes	 and	 bacteria,	 reduce	 the	 level	 of	 sugar	 degradation,	 enhance	 lignin	solubilisation,	 and	 be	 economically	 and	 environmentally	 feasible	 (Karthikeyan	 &	Visvanathan	 2012).	 	 Lignin	 is	 regarded	 as	 the	 most	 recalcitrant	 component	 in	 a	 the	lignocellulosic	 structure	 and	 therefore	 treatments	 which	 aim	 to	 ether	 breakdown	 or	
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remove	the	 lignin	 fraction,	 in	 turn	causing	biomass	swelling	and	therefore	 increase	 in	accessible	 surface	 area	 and	 pore	 volume,	will	 overall	 increase	 the	 digestibility	 of	 the	cellulose	and	hemicellulose	fraction	in	the	biomass	(Isroi	et	al.	2011).		
2.2.3. 	Types	of	Pretreatment	Pretreatment	is	often	classed	as	Physical,	Chemical,	or	Biological,	with	one	of	the	most	popular	 being	 thermochemical	 alkali	 pretreatment.	 However,	 optimisation	 of	 such	 a	process	can	be	quite	complex	when	applied	to	a	varied	substrate	such	as	GW.	As	it	is	a	mixture	of	various	plant	components	including	leaves,	cones,	bark	and	branches,	all	of	which	 have	 varying	 compositions,	 all	 will	 react	 differently	 to	 pretreatment	 but	 are	proven	to	enhance	biogas	yield	to	a	degree	(Salehian	&	Karimi	2013).	Furthermore,	VFA	accumulation	is	a	common	process	issue	with	SS-AD	and	research	has	been	conducted	simultaneous	alkali	pretreatment	with	SS-AD,	finding	it	to	simplify	operations	as	well	as	utilising	the	basic	solution	as	a	buffering	agent	during	subsequent	digestion	(Liew,	Shi	&	Li	2011;	Zhu,	Wan	&	Li	2010).		
2.2.3.1 Objectives	of	Pretreatment	The	structural	and	chemical	properties	of	lignocellulosic	biomass	makes	them	resistant	to	microbial	degradation	when	used	as	a	feedstock	for	bioenergy	recovery	processes	such	as	anaerobic	digestion	(da	Costa	Sousa	et	al.	2009).	Therefore	the	aim	of	pretreatment	is	to	alter	the	structure	of	lignocelluloses	in	order	to	facilitate	the	effect	of	microbial	digestion.	However	the	success	of	any	given	pretreatment	will	depend	on	the	biomass	to	be	treated.	As	Taherzadeh,	M.	J.	and	Karimi,	K.	(2008)	summarised,	the	appropriate	pretreatment	will	have	an	effect	on	the	lignocellulose’s	complex	crystalline	structure,	enhance	accessible	surface	area	to	microbes	and	bacteria,	and	enhance	the	solubilisation	of	lignin.	A	comparison	on	these	factors	regarding	a	number	of	treatments	is	shown	in	Table	1	for	a	number	of	pretreatments.	Furthermore,	a	more	feasible	pretreatment	will	facilitate	the	early	conversion	of	carbohydrates	into	monomers,	minimise	sugar	degradation,	be	environmentally	friendly,	and	be	a	simple,	robust	and	scalable	process.	A	comparison	on	feasibility	of	a	range	of	pretreatments	is	shown	in	Table	2.	
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2.2.3.2. Physical	Pretreatment		hysical	 treatments	 such	 as	 milling,	 irradiation	 or	 pyrolysis	 aim	 to	 decrease	 the	crystallinity	 index	 of	 cellulose	 as	 well	 as	 the	 degrees	 of	 polymerization.	 The	 main	purpose	 is	 to	 increase	 the	accessible	 surface	area	and	pore	size	of	 feedstock	particles	susceptible	 to	 chemical	 and	bacterial	 attack.	 PThese	 processes	 are	 not	 highly	 used	 in	industry	 and	 can	 be	 quite	 energy	 demanding(Taherzadeh,	 Mohammad	 J	 &	 Karimi,	Keikhosro	2008).	They	are	more	focused	on	cleaving	bonds,	increasing	surface	area	and	pore	size	rather	than	their	ability	to	remove	lignin.			
2.2.3.3. Biological	Pretreatment	Biological	 pretreatments	 including	 the	 use	 of	 fungi	 can	 be	 seen	 as	 attractive	 as	 they	generate	 very	 little	 pollution	 outputs,	 have	 low	 energy	 requirements,	 and	 produce	higher	yields	of	 the	desired	product	(Isroi	et	al.	2011).	Biological	 treatments	have	not	been	 applied	 greatly	 on	 a	 commercial	 scale	 though	 they	 have	 minimal	 energy	requirement	and	no	chemical	requirement	as	they	have	poor	treatment	rates.	They	do	however	 to	 an	 extent	 delignify	 biomass	 structures,	 decrease	 the	 degree	 of	polymerization	 in	 cellulose	 and	 partially	 hydrolyse	 hemicellulose(Taherzadeh,	Mohammad	J	&	Karimi,	Keikhosro	2008).			
2.2.3.4. Chemical	Pretreatment	 	Though	they	require	the	use	of	harsh	chemicals	in	conjunction	with	extreme	conditions,	chemical	pretreatments	are	the	most	highly	applied	in	industry	as	they	are	highly	time	efficient	yielding	promising	results.	They	work	to	increase	the	accessible	surface	area	of	particles,	partial	to	complete	delignification	of	biomass	and	hydrolysis	of	hemicellulose,	as	well	as	a	decrease	in	cellulose	crystallinity	and	degree	of	polymerization(Taherzadeh,	Mohammad	 J	 &	 Karimi,	 Keikhosro	 2008).	 Thermochemical	 pretreatments	 have	 been	seen	to	be	the	most	effective	in	the	application	on	a	wide	range	of	feedstocks	and	thus	alkali	pretreatment	has	been	chosen	as	the	pretreatment	of	prior	to	anaerobic	digestion	for	 the	 production	 of	 biogas.	 Furthermore,	 such	 a	 pretreatment	 does	 not	 require	 a	complicated	reactor	making	it	an	attractive	option	to	be	implemented	in	industry(Wan,	Caixia,	Zhou,	Yuguang	&	Li,	Yebo	2011).		
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2.2.4. Parameters	to	Monitor	
2.2.4.2. Accessible	Surface	Area	Particle	 size	 reduction	 is	 often	 applied	 prior	 to	 the	 biomass	 undergoing	 any	pretreatment(Anne	 Kallioinen	 2013).	 It	 is	 regarded	 as	 a	 “physical	 treatment”	incorporated	prior	 to	 the	 biomass	 undergoing	 any	 thermochemical	 treatment.	 This	 is	carried	out	in	order	to	increase	the	accessible	surface	area	of	the	material	accessible	to	enzymes	 during	 hydrolysis,	 as	 well	 as	 decreasing	 the	 crystallinity	 index	 of	 cellulose,	further	reducing	its	recalcitrance	to	microbial	break	down	(Cao,	Weixing	et	al.	2012).		
2.2.4.3. Cellulose	and	Hemicellulose	Concentration	Cellulose	 is	 a	 polysaccharide	 made	 up	 of	 a	 number	 of	 glucose	 monomers	 linearly	polymerised	 together	with	b-1,4-glycosidic	 bonds	 to	 form	 cellulose	 chains,	 and	 these	chains	 are	 packed	 together	 with	 hydrogen	 bonds	 and	 Van	 der	 Vaals	 force	 to	 form	macrofibrils	 (Yang,	 L	 et	 al.	 2015).	 There	 are	 two	 forms	 of	 cellulose;	 crystalline	 and	amorphous.	 	 Cellulose	 is	 a	 highly	 crystallinity	 structure	made	 up	 of	 glucose	 subunits,	while	hemicellulose	is	made	up	of	a	range	of	C5	(xylose,	rhamnose,	arabinose)	and	C6	(glucose,	 mannose,	 galactose)	 sugars	 and	 uronic	 acids	 (glucuronic	 acid,	 methyl	glucuronic	acid,	and	galacturonic	acid).	This	combined	with	 its	amorphous	nature	and	randomly	 branched	 structure	makes	 it	 more	 susceptible	 to	 hydrolysis	 than	 cellulose	(Yang,	L	et	al.	2015).			
2.2.4.4. Crystallinity	Index	Cellulose	 crystallinity	 is	 seen	 as	 one	 of	 the	 primary	 factors	 contributing	 to	 the	recalcitrance	of	lignocelluloses	to	cellulytic	enzymes(Mirahmadi	et	al.	2010).	Using	FTIR	analysis,	 the	 crystallinity	 index	 of	 lignocellulosic	 material	 can	 be	 determined	 by	investigating	the	structural	components	by	its	spectral	bands	and	variations(Mirahmadi	et	al.	2010).	Table	3	below	as	developed	by	Salehian	et	al.	(2013)	outlines	the	bands	and	their	 corresponding	 functional	 group.	With	bands	1430cm-1	 indicating	Cellulose	 I	 and	989cm-1	 indicating	 Cellulose	 II,	 the	 Crystallinity	 Index	 is	 calculated	 as	 (A1430/A898).	Furthermore,	 Total	 Crystallinity	 Index	 is	 calculated	 as	 (A1375/A2900).	 Successful	pretreatment	generally	 involves	a	decrease	 in	cellulose	crystallinity	 index	(Salehian	&	
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Karimi	 2013).	 Characteristic	 and	 variation	 of	 bands	 in	 FTIR	 spectra	 as	 outlined	 by	(Salehian	et	al.	2013)	are	shown	below	in	Table	7.		
Table	7:	FTIR	spectra	for	lignocellulosic	materials,	attributed	from	Salehian	et	al.	(2013)	
Wavenumber	(cm-1)	 Functional	group	 Assignment		
3175	 -OH	stretch	intramolecular	hydrogen	bonds	 Cellulose	II	
2900	 C-H	stretching	 Cellulose	
1740	 C=O	stretching	of	acetyl	or	carboxylic	acid	 Hemicellulose	and	lignin	
1610	 C=C	stretching	of	the	aromatic	ring	 Lignin	
1598	 C=C		 Lignin	
1510	 C=C	stretching	of	the	aromatic	ring	 Lignin	
1465	 Asymmetric	bending	in	C-H3	 Lignin	
1420	 C-H2	symmetric	bending		 Cellulose	
1430	 C-H2	bending	 Cellulose	
1375	 C-H	bending	 Cellulose	
1335	 -OH	(in	plane	bending)	 Cellulose	
1315	 C-H2	wagging	 Cellulose	
1158	 C-O-C	asymmetric	stretching	 Cellulose	
898	 Asymmetric,	out	of	phase	ring	stretching	 Cellulose		
2.2.4.5. Lignin	Concentration	Untreated	 samples	 generally	 have	 minimal	 to	 zero	 pore	 formation	 meaning	 that	enzymes	have	little	access	to	material	during	hydrolysis.	In	contrast,	samples	pretreated	by	 alkaline	 agents	 cause	 the	 removal	 of	 lignin,	 increasing	 accessible	 surface	 area	 and	allowing	 easier	 access	 as	 shown	 in	 Figure	 3.	 In	 many	 of	 the	 studies	 previously	conducted,	the	soluble	and	solid	fraction	of	materials	post-treatment	were	analysed	and	found	 that	 most	 of	 the	 lignin	 was	 solubilized	 when	 the	 material	 underwent	 alkali	oxidation.	 However,	 there	 appears	 to	 be	 a	 relationship	 between	 residual	 lignin	 and	sugar	 yield	 as	 investigated	 by	 Nlewen	 &	 Thrash	 Jr	 (2010)	which	 showed	 0.5%NaOH	having	 the	 highest	 residual	 lignin	 of	 all	 their	 samples	 yet	 still	 produced	 the	 highest	sugar	yield,	as	seen	in	Figure	3.			
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2.2.5. Pretreatment	Technologies	
2.2.5.1. Fungal	Pretreatment	(White-Rot)	Fungal	 pretreatment	 is	 carried	 out	 by	 first	 preparing	 a	 fungal	 solution	 by	 activating	fungus	and	homogenised	with	deionized	water,	and	 is	 then	used	 to	 inoculate	biomass	before	 undergoing	 incubation	 for	 1-2	months.	 A	 number	 of	 fungi	 can	 be	 used	 for	 the	process	 and	 once	 the	 spore	 is	 obtained	 it	 can	 be	 easily	 cultivated,	 however	 the	most	commonly	 used	 fungal	 pretreatment	 for	 lignocelluloses	 is	 with	 White-Rot	 fungi	 (in	particular	Ceriporiopsis	subvermispora),	as	it	selectively	degrades	the	lignin	component	whilst	 leaving	 behind	 cellulosic	 and	 hemicellulose	 and	 leaving	 a	 white	 fibrous	appearance	 to	 the	material	 	 (Isroi	 et	 al.	 2011;	 Zhao,	 J.	 et	 al.	 2014).	 The	 use	 of	 fungal	pretreatment	requires	only	mild	environmental	conditions	as	it	does	not	require	the	use	of	harsh	 chemicals	 and	 thus	has	minimal	downstream	 impacts,	 as	well	 as	 low	energy	requirement.	 In	 terms	 of	 effectiveness,	 this	 pretreatment	 does	 not	 always	 produce	reliable	results	both	in	terms	of	treatment	and	methane	yield	or	rate.	The	effectiveness	is	highly	dependent	upon	the	feedstock	and	treatment	occurs	over	a	long	period	of	time,	ranging	anywhere	from	30	to	48	days	(Ge	et	al.	2015;	Zhao,	J.	et	al.	2014;	Zhao,	J,	Zheng	&	Li	2014).	The	entire	process	is	carried	out	under	sterilised	conditions,	and	therefore	looking	economically,	a	majority	of	costs	are	associated	with	the	sterilization	process	of	biomass	carried	out	prior	to	pretreatment.	A	study	which	investigated	the	biomethane	potential	of	 fungal	 treated	yard	trimmings	using	Ceriporiopsis	subvermispora	and	60%	moisture	 content	 achieved	 a	 final	methane	 yield	 of	 44.6L/kg	VS,	 corresponding	 to	 an	increase	 of	 154%	 compared	 to	 raw	 yard	 trimmings	 with	 a	 final	 methane	 yield	 of	17.6L/kg	VS	(Zhao,	J,	Zheng	&	Li	2014).	A	similar	study	using	the	same	fungal	strain	on	
Figure	3:	Changes	in	lignin	and	sugar	yield	with	NaOH	pretreatment,	attributed	from	Nlewem,	Kingsley	
C	&	Thrash	Jr	(2010)	
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yard	trimmings	which	had	not	previously	undergone	sterilisation	showed	final	methane	yields	 of	 34.9	 -	 44.6	 L/kg	 VS,	 results	 comparable	 to	 those	 achieved	 by	 the	 same	feedstock	having	undergone	sterilisation	 thus	potentially	 saving	501-	789kJ/kg	of	dry	material	of	energy	(Zhao,	 J.	et	al.	2014).	The	same	fungal	strain	was	applied	to	albizia	chips	for	a	48	day	long	treatment	period,	and	was	found	to	enhance	methane	yield	by	3.7-fold	compared	to	 that	 from	the	untreated	substrate	and	after	58	days	of	digestion	(Ge	et	al.	2015).			
2.2.5.2. Liquid	Hot	Water	Liquid	hot	water	(LHW)	treatment,	also	referred	to	as	hydrothermal	pretreatment,	the	treatment	process	is	carried	out	by	maintaining	water	under	extreme	heat	and	pressure	causing	pH	to	become	lowered,	allowing	water	to	penetrate	the	biomass	as	well	as	the	release	of	O-acetyl,	acetic		and	uronic	acids	from	the	hemicellulose	fraction	(Fernandez-Cegri	et	al.	2012).		LHW	as	a	solvent	is	markedly	different	to	just	conventional	water	as	the	properties	are	altered	when	maintained	under	extreme	temperature	and	pressure	in	order	to	maintain	water	in	the	liquid	states	(Kim,	Mosier	&	Ladisch	2009).	Comparing	it	to	steam	explosion,	it	results	in	a	lower	formation	of	inhibiting	hydrolysates	as	well	as	higher	hemicellulose	sugar	recovery	(Cara	et	al.	2007).	By	further	optimising	the	pH,	the	solubilisation	of	hemicellulose	is	maximised	and	converted	to	soluble	oligosaccharides	while	reducing	the	 formation	of	monomeric	sugars	(Mosier	et	al.	2005).	However,	 too	high	 temperatures	must	 be	 avoided	 as	 the	 formation	 of	 furfural	 and	 hydroxymethyl-furfural	(HMF)	may	occur,	two	compounds	which	may	cause	inhibition	in	AD	as	well	as	representing	a	 loss	in	fermentable	hemicellulose	sugars	(Fernandez-Cegri	et	al.	2012).	Many	studies	applying	LHW	treatment	to	a	range	of	lignocellulosic	materials	have	been	carried	 out,	 assessing	 a	 range	 of	 temperatures	 from	 25°C	 to	 230°C	 and	 for	 different	treatment	 periods	 from	 5min	 to	 6h	 (Cara	 et	 al.	 2007;	 Fernandez-Cegri	 et	 al.	 2012;	Ingram	 et	 al.	 2009;	 Kim,	 Mosier	 &	 Ladisch	 2009).	 Many	 of	 these	 studies	 focus	 on	enzymatic	hydrolysis	of	the	material	after	treatment.	However	a	study	conducted	on	the	biomethane	 potential	 of	 both	 solid	 and	 liquid	 fractions	 of	 LHW	 treated	 sunflower	 oil	cake	 found	 the	highest	methane	yield	achieved	by	 those	 treated	at	100°C	resulting	 in	105	and	310mL	CH4/g	COD	for	solid	and	liquid	fractions	respectively,	closely	followed	by	those	treated	at	25°C	(Fernandez-Cegri	et	al.	2012).		
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2.2.5.3. Thermochemical	Alkali	Pretreatment	(Sodium	Hydroxide)	The	success	of	alkali	pretreatment	is	its	ability	to	cleave	the	lignin-carbohydrate	bonds,	increasing	pore	volumes	and	making	the	overall	structure	of	the	lignocellulosic	material	looser,	 allowing	 easier	 penetration	 of	 enzymes	 (Zhao,	 Y	 et	 al.	 2008).	 Alkaline	pretreatment	 involves	 the	 submersion	 of	 biomass	 in	 an	 alkaline	 solution	 whilst	subjected	 to	 either	 freezing	 or	 hot	 temperatures	 for	 a	 given	 period.	 It	 causes	 the	saponification	 and	 cleavage	 of	 lignin-carbohydrate	 linkages	 however	 the	 results	 vary	from	 biomass	 to	 biomass.	 From	 an	 environmental	 perspective,	 alkali	 pretreatment	requires	the	use	of	harsh	chemicals	causing	a	number	of	downstream	issues	with	toxic	wastewater.	 Furthermore,	 neutralisation	 of	 biomass	 prior	 to	 digestion	 involves	 large	volumes	of	water	which	involves	significant	costs.	Furthermore,	the	chemicals	used	for	the	 treatment	 are	 commercially	 expensive,	 and	 appropriate	 recovery	 or	 reuse	 is	unknown.	Though	 the	pretreatment	 is	 rapid	and	effective,	 the	neutralisation	aspect	 is	seen	 as	 a	 rate	 limiting	 step.	 Alkaline	 treatment	 has	 been	 observed	 to	 increase	 the	solubility	 of	 lignin,	 cause	 the	 swelling	 of	 cellulose	 and	 increase	 biomass	porosity(Nlewem,	 Kingsley	 C	 &	 Thrash	 Jr	 2010).	 The	 study	 conducted	 by	 Anne	Kallioinen	(2013)	investigated	the	use	of	different	alkali	solutions	including	NaOH,	KOH,	Ca(OH)2	and	Na2CO3	and	 their	performance	on	 the	pretreatment	 and	 thereafter	48h	enzymatic	 hydrolysis	 of	 spruce.	 They	 found	 that	 glucose	 yields	 were	 generally	 high	ranging	 from	 96-97%,	 however,	 Ca(OH)2	 achieved	 the	 lowest	 yield.	 Mannose	 yields	remained	 relatively	 low	 13-24%	 with	 the	 lowest	 achieved	 by	 Na2CO3,	 with	 higher	amounts	solubilised	using	Ca(OH)2	and	KOH.	If	 the	only	 focus	was	glucose	and	xylose	yields	 than	 any	 alkali	 agent	 could	 be	 applied.	 However	 sodium	 hydroxide	NaOH	was	seen	to	be	the	best	alkali	agent	ultimately	producing	high	overall	yields.	The	addition	of	urea	to	alkali	pretreatments	were	also	investigated	by	Zhao,	Y	et	al.	(2008)	and	it	was	found	 to	 improve	 the	 dissolution	 of	 carbohydrates	 at	 low	 temperature.	 As	thermochemical	pretreatment	requires	the	use	of	strong	alkaline	agents,	the	feasibility	of	scaling	such	a	process	to	commercial	or	industrial	use	becomes	complicated.	Though	it	is	now	a	possibility	for	NaOH	solution	to	be	recycled,	it	is	the	process	of	neutralisation	which	 requires	 large	 degrees	 of	 water	 (Salehian	 &	 Karimi	 2013;	 Wan,	 Caixia,	 Zhou,	Yuguang	&	Li,	Yebo	2011).	A	few	studies	have	combined	the	use	of	alkali	treatment	and	paired	 it	 with	 autoclaving,	 a	 process	 similar	 to	 that	 used	 in	 hydrothermal	 treatment	where	biomass	is	submerged	in	water	and	maintained	under	extreme	heat	and	pressure	
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(Kallioinen,	Anne	et	al.	2013;	Salehian	&	Karimi	2013;	Wan,	C.,	Zhou,	Y.	&	Li,	Y.	2011;	Wu	et	al.	2011;	Zhao,	Y	et	al.	2008).				
	
2.2.5.4. Fractionation	Pretreatment	(using	NMMO	or	γ-valerolactone)	The	organosolv	process	has	been	explored	extensively	for	the	production	of	bioethanol,	however	 is	 little	 applied	 in	 anaerobic	 digestion	 despite	 its	 high	 established	 energy	efficiency	 (Murphy	 &	 Power	 2009).	 Organosolv	 fractionation	 involves	 cooking	 the	biomass	in	an	organic	solvent	at	elevated	temperatures	and	in	doing	so,	lignin	becomes	fragmented	 and	dissolved,	 the	hemicellulose	 is	 hydrolysed	 and	 cellulose	 remains	 in	 a	pulp	residue	(Fang	&	Sixta	2015).	N-Methylmorpholine-N-oxide	(NMMO)	is	one	solvent	which	 has	 been	 applied	 industrially	 in	 the	 Lyocell	 process	 and	 since	 then	 on	 a	laboratory	 scale	 to	 various	 lignocellulosic	 materials,	 with	 the	 ability	 to	 cause	dissolution,	ballooning	and	swelling	of	cellulose	fibres	(Aslanzadeh	et	al.	2014).	As	the	melting	point	of	NMMO	is	70°C		and	it	begins	to	decompose	above	130°C,	temperatures	ranging	 from	 90°C	 to	 130°C	 have	 been	 investigated	 in	 studies,	 as	 well	 as	 varying	concentrations	(typically	above	75%),	particle	size,	and	treatment	times	(several	hours)		(Aslanzadeh	et	al.	2014;	Goshadrou,	Karimi	&	Taherzadeh	2013;	Kabir,	Maryam	M.	et	al.	2013;	 Purwandari	 et	 al.	 2013).	 A	 study	 on	 the	 effects	 of	 NMMO	 on	 birch	 wood	 was	conducted	 and	 found	 a	 47%	 increase	 in	 methane	 yield	 from	 untreated	 birch	 when	samples	were	treated	with	85%	NMMO	at	130°C	for	3h,	with	a	final	cumulative	yield	of	232L	CH4/kg	VS	 (Goshadrou,	Karimi	&	Taherzadeh	2013).	A	 study	on	 forest	 residues	found	 that	 residues	ground	 to	2mm	particle	and	 treated	with	85%	NMMO,	 for	15h	at	120°C	 produced	 the	 greatest	 increase	 in	 cumulative	 methane	 yield	 with	 0.17Nm3	CH4/kg	VS,	enhancing	it	151%	from	that	which	was	untreated	with	0.07Nm3	CH4/kg	VS	(Kabir,	 Maryam	 M.	 et	 al.	 2013).	 A	 similar	 study	 on	 forest	 residues	 found	 that	 75%	NMMO	at	120°C	for	15h	treatment	of	forest	residues	produced	a	final	methane	yield	of	100.5mL	 CH4/g	 VS,	 enhancing	 the	 methane	 production	 by	 141%	 compared	 to	 that	which	was	untreated	with	41.53mL	CH4/kg	VS	(Aslanzadeh	et	al.	2014).	Another	study	on	oil	palm	empty	fruit	bunch	found	similar	results	where	treatment	conditions	of	85%	NMMO	at	120°C	for	3h	resulted	in	the	highest	methane	yield	at	408L	CH4/kg	VS,	a	48%	increase	from	untreated	material	(Purwandari	et	al.	2013).	A	new	emerging	solvent	for	biomass	fractionation	is	is	γ-valerolactone	(GVL)	which	is	used	to	break	down	complex	
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carbohydrates	 in	 order	 to	 obtain	 sugars	 and	 other	 chemicals,	 and	 is	 already	 being	regarded	as	a	renewable	green	solvent	(Han	et	al.	2015;	Luterbacher	et	al.	2014).	Using	GVL	as	an	organic	solvent	has	a	number	of	benefits	as	it	 is	renewable,	can	be	used	for	the	production	of	both	energy	and	carbon-based	products,	has	low	toxicity	and	melting	point,	 high	 solubility	 in	water,	 as	well	 as	 high	 boiling	 and	 flash	 points	 (Fang	 &	 Sixta	2015).	 Furthermore,	 the	 addition	 of	 a	 catalyst	 (sulphuric	 acid	 is	 commonly	 used)	 is	optional	but	often	allows	lower	treatment	temperatures	with	similar	results.	A	study	on	sawdust	 found	 that	 cellulose	 purity	 reached	 90.5%	 within	 the	 pulp	 obtained	 after	fractionation	using	GVL	at	50%	H2O	and	150°C	for	45min	(Fang	&	Sixta	2015).	As	the	particular	use	of	GVL	as	a	fractionation	solvent	is	quite	new,	it	has	not	yet	been	applied	to	 a	 large	 range	 of	 biomass,	 and	 furthermore	 not	 for	 the	 application	 prior	 to	 biogas	production.	 Furthermore	 with	 the	 use	 of	 a	 catalyst	 in	 some	 systems,	 its	 presence	 in	biomass	 when	 fed	 into	 anaerobic	 digestion,	 even	 in	 trace	 amounts,	 may	 result	 in	inhibition.			
2.2.6. Summary	on	the	Pretreatment	of	Green	Waste		Comparing	the	mechanism	and	feasibility	of	each	of	the	treatments	in	Table	1	and	Table	2Error!	Reference	source	not	found.,	thermochemical	alkali	pretreatment	was	identified	as		showing	promising	results		as	a		treatment	for	a	range	of	lignocellulosic	materials	with	the	potential	for	success	when	applied	to	GW.	Since	dilute	alkaline-autoclaving	treatment	requires	less	chemicals	and	hence	reducing	the	amount	of	environmental	impacts,	has	rapid	treatment	times,	while	achieving	many	of	the	goals	of	pretreatment,	it	will	be	investigated	within	this	study	on	the	treatment	of	GW.	
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Table	1:	The	effectiveness	of	pretreatment	on	meeting	the	pretreatment	objectives	Pretreatment		 Pretreatment	effect	on…	
Accessible	Surface	
Area	
Decrystallisation	of	
Cellulose	
Solubilisation	of	
Hemiellulose	
Solubilisation	of	
Lignin	
	
Alteration	of	
Lignin	
Structure	
Formation	of	
Inhibitory	
Compounds	
(furfural/HMF)	
White-Rot		 ü	 	 ü	 	 ü	 	
NMMO		 ü	 ü	 ü	 	 	 	
Liquid	Hot	Water	 ü	 	 ü	 	 		 	ü	
Sodium	Hydroxide	 ü	 	 ü	 ü	 ü	 	
γ-Valerolactone	
Fractionation	
ü	 ü	 	 ü	 	
ü	 	
	
	
Table	2:	Feasibility	analysis	of	investigated	pretreatments	
Pretreatment	 Environmental	 Economic	 Technical	 Mechanism		 References	
White-Rot	
(Biological)	
Mild	environmental	conditions	as	it	does	not	require	the	use	of	high		and	thus	has	minimal	downstream	impacts.	Has	low	energy	requirements.		
A	number	of	fungi	can	be	used,	and	once	the	spore	is	obtained	it	can	easily	be	cultivated.	Majority	of	economic	costs	are	associated	with	the	sterilization	process	of	biomass	carried	out	prior	to	pretreatment.	
Efficiency	is	biomass	dependent,	and	can	often	result	in	high	loss	of	carbohydrates.	Treatment	occurs	over	a	long	residence	period.	
Fungus	selectively	degrades	the	lignin	component	leaving	behind	cellulose	and	hemicellulose	
	(Ge	et	al.	2015;	Liu,	S	et	al.	2014;	Wang,	W.	et	al.	2012;	Zhao,	J.	et	al.	2014;	Zhao,	J,	Zheng	&	Li	2014)		
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NMMO	(Ionic	Liquid,	
Chemical)	
NMMO	can	be	recovered		Small	traces	of	NMMO	can	be	inhibitory	for		subsequent	AD	processes.	
NMMO	can	be	recovered	 Requires	a	simple	reactor.	 Dissolution,	ballooning	and	structural	swelling	of	cellulose			
	(Aslanzadeh	et	al.	2014;	Kabir,	M.	M.	et	al.	2014;	Purwandari	et	al.	2013;	Teghammar,	Anna	et	al.	2012)	
Liquid	Hot	Water	
(Hydrothermo-lysis,	
Physical)	
Uses	only	hot	water	kept	in	liquid	form	by	heating	and	held	in	suspension	by	high	pressure.		
Doesn't	require	the	use	of	harsh	chemicals.			 Requires	a	reactor	to	with	pressure	and	temperature	control.		 Water	penetrates	biomass	releasing	O-acetyl,	acetic	and	uronic	acids	from	hemicellulose	fraction	causing	solubilisation.	
	(Adl,	Sheng	&	Gharibi	2012;	Cara	et	al.	2007;	Fernandez-Cegri	et	al.	2012;	Wan,	C.,	Zhou,	Y.	&	Li,	Y.	2011)	
Sodium	Hydroxide	
(Alkaline,	Chemical)	
Requires	use	of	harsh	chemical	solution	and	thus	causes	a	number	of	downstream	issues	of	toxic	wastewater.	Furthermore	requires	large	amounts	of	water	for	neutralisation.		
Large	amounts	of	water	is	required	for	neutralisation	leading	to	huge	costs.	Also	requires	use	of	expensive	chemical	which	as	of	yet,	appropriate	recovery	and	reuse	is	unknown.		
Though	pretreatment	is	quick,	neutralisation	of	pH	is	a	rate	limiting	step.		 Cleaves	the	ester	bonds	linking	lignin	to	carbohydrates		
	(Anne	Kallioinen	2013;	Salehian	&	Karimi	2013;	Wan,	C.,	Zhou,	Y.	&	Li,	Y.	2011;	Zhao,	Y	et	al.	2008)	
Methanol,	Ethanol,	
γ-Valerolactone	
(Fractionation,	
Chemical)	
Requires	energy	to	heat	to	very	high	temperature	 Fractionation	pretreatment	usually	involves	the	use	of	expensive	chemicals,	however	ethanol	and	methanol	can	be	recovered.	γ-Valerolactone	can	also	almost	be	100%	recovered	and	is	a	renewable	resource	which	can	be	recovered	from	cellulose,	it	is	seen	as	a	"green-solvent".	
Requires	a	pressurized	reactor	which	can	heat	up	to	150-230C.	 Lignin	becomes	fragmented	and	dissolves,	hemicellulose	is	hydrolysed	and	cellulose	remains	as	pulp		
	(Alonso	et	al.	2013;	Han	et	al.	2015;	Kabir,	M.	M.	et	al.	2015;	Luterbacher	et	al.	2014;	Mirmohamadsadeghi	et	al.	2014)	
	43		
3. Materials	and	Methods	The	experimental	design	can	be	divided	into	three	main	parts,	as	displayed	in	Figure	2	
• Phase	A:	Pretreatment	of	GW	-	Research	Questions	2	and	3	
• Phase	B:	Co-digestion	of	SFW	and	Victorian	GW	-	Research	Question	1	
• Phase	C:	Co-digestion	of	SFW	and	Swedish	GW	-	Research	Question	4								
						 		
	Phase	A	addresses	Research	Questions	2	and	3	and	focuses	on	the	chemical	treatment	of	GW	 in	 order	 to	 enhance	 biodegradability	 of	 GW	 and	 this	 was	 assessed	 by	 first	conducting	 pretreatments	 and	 then	 examining	 all	 treated	 samples	 in	 biochemical	methane	potential	(BMP)	tests.	Samples	of	both	untreated	and	pretreated	GW	were	also	kept	and	then	various	methods	of	characterisation	were	carried	out.	These	included	the	analysis	 of	 compositional	 changes	 including	 concentrations	 of	 lignin	 and	 structural	
Experimental	
Design	
Phase	A:	
Pretreatment	 Phase	B:	
Co-digestion	of	SFW	
and	Victorian	GW	
Phase	B:	
Co-digestion	of	SFW	
and	Swedish	GW	
Experimental	factors:	
• %GW	(C/N	ratio)	in	feed	mixture	
• Fresh	or	acclimatised	seed	
Experimental	factors:	
• TS	Loading	
• Temperature	
• %GW	(C/N	ratio)	in	feed	mixture	
• S/I	ratio	
• Pretreatment	
Alkaline-
Autoclaving		
(AA)	treatment	
of	GW	
GVL	
fractionation		
of	GW	
BMP	of	AA	
treated	GW	
BMP	of	GVL	
treated	GW	
Inhibition	tests	
using	NaOH	
Characterisation	of	untreated		
and	pretreated	GW	
Figure	2:	Overview	of	experimental	framework	
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carbohydrates	 using	 Laboratory	 Analytical	 Procedures	 (LAP)	 as	 outlined	 by	 the	National	 Renewable	 Energy	 Laboratory	 (NREL),	 physical	 changes	 in	 surface	morphology	 via	 Scanning	 Electron	 Microscope	 (SEM),	 and	 reduction	 in	 cellulose	crystallinity	via	Fourier	Transform	Infrared	Spectroscopy	(FTIR).		Research	Question	1	is	addressed	in	Phase	B	which	was	carried	out	at	RMIT	is	the	first	phase	of	batch	tests	focusing	on	the	co-digestion	of	SFW	and	Victorian	GW	investigating	the	effects	of	the	percentage	of	GW	in	feed	mixture	(i.e.	C/N	ratio),	as	well	as	the	use	of	fresh	or	acclimatised	seed.			Phase	 C	 is	 a	 continuation	 of	 Phase	 B	 and	was	 carried	 out	 at	 the	 University	 of	 Borås,	Sweden,	studying	the	co-digestion	of	SFW	with	Swedish	GW	and	exploring	factors	such	as	 C/N	 ratio,	 high	 TSL,	 temperature,	 S/I	 ratio,	 and	 pretreatment.	 The	 experiments	performed	in	this	phase	were	used	in	answering	Research	Question	4.			
3.1. Phase	A:	Pretreatment	of	Garden	Waste	Based	 on	 literature	 review	 of	 published	 research,	 two	 different	 methods	 of	pretreatment	 were	 identified	 as	 having	 potential	 for	 increasing	 biodegradability	 of	lignocellulose	 GW;	 alkaline-	 autoclaving	 (AA)	 treatment	 and	 γ-valerolactone	fractionation	(GVL)	treatment.	The	following	section	describes	the	method	used	to	carry	out	each	of	the	treatments,	as	well	as	procedure	for	the	BMP	performed	afterwards.			
3.1.1. Material	Preparation	GW	was	obtained	from	Maddingley	Brown	Coal	located	in	Bacchus	Marsh,	Victoria.	All	samples	 are	 stored	 in	 50L	 plastic	 storage	 containers	 and	 dependent	 on	 the	 desired	experiment,	samples	were	either	left	unground,	or	milled	to	<1mm,	or	<10mm.		
3.1.2. Pretreatment	of	Garden	Waste	
3.1.2.1. AA	Pretreatment		Alkaline-Autoclaving	(AA)	pretreatment	of	GW	was	carried	out	in	250mL	schott	bottles	at	 a	 1:10	 solids:liquid	 loading	 rate.	 Therefore	 10g	 of	 GW	 (either	 ground	 <10mm	 or	unground)	was	placed	in	250mL	schott	bottles	and	dosed	with	100mL	of	NaOH	solution	(either	0.5%,	1.0%	or	2.0%),	 and	gently	 swirled	 in	order	 to	mix	 the	 contents.	Bottles	
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were	then	loosely	capped	and	heated	in	an	autoclave	(Hirayama,	Japan)	at	121oC	for	90	minutes.	 Once	 the	 time	 elapsed	 and	 the	 autoclave	 had	 cooled	 down	 to	 a	 safe	temperature,	the	GW-NaOH	liquor	was	removed	from	the	bottles,	the	liquid	portion	was	discarded,	and	the	GW	pulp	separated	and	washed	with	water	using	a	fine	mesh	sieve	until	 a	neutral	pH	was	achieved.	A	 schematic	diagram	of	 the	overall	AA	pretreatment	process	 is	 shown	below	 in	Figure	3.	Total	 solids	 (TS)	and	volatile	 solids	 (VS)	analysis	was	 conducted	 for	 all	 raw	 and	 AA	 pretreated	 GW	 in	 order	 to	 calculate	 VS	 for	 each	samples	and	allow	for	BMP	design	based	on	VS	of	substrate	(S)	and	inoculum	(I).	The	BMP	tests	for	AA	pretreated	GW	was	carried	at	S/I=1	on	a	VS	basis.						
	
	
	
									
Table	3:	Conditions	investigated	for	AA	pretreatment	of	GW	
Bottle	 Particle	
Size	
%w/w	NaOH	
concentration	
Temperature	
(oC)	
Time	
(min)	
Solids:Liquid	
Loading	
Solids	
(g)	
Liquid	
(mL)	1	 <10mm	 0.5	 121	 90	 1:10	 10	 100	2	 <10mm	 1.0	 121	 90	 1:10	 10	 100	3	 <10mm	 2.0	 121	 90	 1:10	 10	 100	4	 <10mm	 0.5	 121	 90	 1:10	 10	 100	5	 <10mm	 1.0	 121	 90	 1:10	 10	 100	6	 <10mm	 2.0	 121	 90	 1:10	 10	 100		
Figure	3:	Process	flow	of	AA	pretreatment	of	GW	
10g	GW	+	100mL	NaOH	solution	 Heated	at	121oC	for	90	minutes	
Liquid	portion	discarded	
GW	pulp	
Rinsed	with	H2O	
Stored	for	BMP	
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3.1.2.2. GVL	Pretreatment	GW	was	 ground	 down	 to	 <1mm	 particle	 size,	 before	 being	mixed	with	 GVL	 of	 given	concentration,	 dosed	 with	 catalyst	 and	 placed	 in	 a	 stainless	 steel	 miniclave	 reactor	(Büchi,	 Switzerland).	 The	 reactor	was	 then	 heated	 to	 high	 temperatures	 of	 140	 oC	 or	160oC	for	a	given	time	(45min).	After	the	treatment	period,	the	reactor	was	cooled	in	an	ice	 bath	 and	 GW	 pulp	was	washed	with	 DI	water	 until	 neutral	 pH	was	met,	 vacuum	filtered	and	 then	stored	 in	 fridge	 for	 further	analysis	or	 to	be	applied	 in	BMP	 tests.	A	schematic	diagram	for	the	overall	GVL	pretreatment	process	is	shown	below	in	Figure.	TS	 and	 VS	 analysis	 was	 conducted	 for	 all	 raw	 and	 GVL	 pretreated	 GW	 in	 order	 to	calculate	the	BMP	experimental	design	using	an	S/I=1	(VS	basis)	using	the	same	process	as	carried	out	for	AA	pretreatment.		 	10g	GW	+	40mL	GVL	solution	+	0.01M	H2SO4	
Heated	at	140oC	or	
160oC	for	45	minutes	
Plunge	reactor	into	ice	
bath	until	pressure	
drops	in	reactor	
Liquid	portion	removed	
GW	pulp	
Flushed	with	H2O	
Stored	for	BMP	
Figure	4:	Process	flow	of	GVL	treatment	of	GW	
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Table	4:	Conditions	investigated	for	GVL-fractionation	of	GW	
Chemical	 Catalyst	 Concentration	
%w/w	
Catalyst	
Loading	
Solid:Liquid	
Loading	
Temp.	 Time	
GVL	 H2SO4	 35	 0.01M	 1:4	 140oC	 45min	35	 0.01M	 1:4	 160oC	 45min	50	 0.01M	 1:4	 140oC	 45min	50	 0.01M	 1:4	 160oC	 45min			
3.1.3. 	Biochemical	Methane	Potential	(BMP)	Tests	The	effect	of	pretreatment	on	biogas	production	potential	from	GW	was	assessed	using	BMP.	 The	 BMP	 were	 carried	 out	 at	 mesophilic	 conditions	 (37°C)	 in	 250mL	 serum	bottles	capped	with	rubber	seals	(Suba,	SigmaAldrich)	and	kept	in	an	orbital	shaker	at	100rpm	 for	 a	 50-day	 digestion	 period	 for	 AA	 treated	 samples	 and	 11-day	 digestion	period	for	GVL-treated	samples.	Inoculum	 was	 obtained	 from	 a	 liquid	 anaerobic	 digester	 operating	 at	 mesophilic	conditions	 and	 treating	wastewater	 at	 the	Melton	Water	 Recycling	 Facility	 located	 in	Melton,	Victoria,	and	was	used	as	the	inoculum	for	the	batch	tests.	For	each	of	the	BMP	a	fresh	samples	of	inoculum	was	stabilized	by	keeping	it	in	an	oven	operating	at	35°C	for	5	days	prior	to	use,	and	seed	characterisation	was	carried	out	beforehand.			Designated	amounts	of	GW	sample	were	loaded	into	serum	bottles	making	up	a	mixture	of	untreated	or	pretreated	GW	and	inoculum	in	order	to	achieve	a	substrate/inoculum	(S/I)	ratio	(on	VS	basis)	of	1.	Then	20mL	of	DI	water	was	added	to	each	setup	in	order	to	facilitate	mixing	within	the	bottles	during	the	digestion	period.	The	working	volume	of	 each	 of	 the	 reactors	 was	 approximately	 100mL	 with	 a	 headspace	 of	 150mL.	 The	bottles	were	 flushed	with	 a	 gas	mixture	 of	 80%	nitrogen	 and	 20%	 carbon	dioxide	 in	order	 to	achieve	anaerobic	conditions	within	 the	bottles	 then	sealed	with	a	suba	seal.	Blanks	containing	only	DI	water	and	inoculum	were	also	used	in	order	to	determine	the	gas	 production	 from	 the	 inoculum	 alone,	 and	 all	 reactor	 setups	 were	 performed	 in	triplicates.			
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3.1.3.1. AA	treated	GW		Each	of	the	BMP	tests	was	compared	with	the	untreated	GW	to	assess	whether	there	is	an	increase	in	methane	yield	from	treated	samples.	Each	of	the	pretreatment	conditions	applied	as	well	as	untreated	conditions	were	applied	and	are	shown	below	in	Table	5.	Given	that	there	were	a	total	of	6	different	treatment	combinations,	as	well	as	untreated	GW	for	two	particle	sizes	and	inoculum	blanks,	and	as	each	was	conducted	in	triplicates	there	was	a	total	of	30	reactors.			
Table	5:	Conditions	investigated	in	AA	BMP	
Reactor	ID	 Substrate	conditions	0	 n/a	(seed	blank)	1	 <10mm,	untreated		2	 <10mm,	0.5%	NaOH	3	 <10mm,	1.0%	NaOH	4	 <10mm,	2.0%	NaOH	5	 Unground,	untreated	6	 Unground,	0.5%	NaOH	7	 Unground,	1.0%	NaOH	8	 Unground,	2.0%	NaOH			
3.1.3.2. GVL	treated	GW	Similarly,	each	of	 the	GVL	pretreated	GW	samples	were	then	applied	 in	 the	BMP	tests	and	compared	with	the	untreated	GW	to	assess	whether	there	is	an	increase	in	methane	yield	as	a	result	of	the	treatment.	Each	of	the	pretreatment	conditions	applied	as	well	as	untreated	conditions	were	applied	and	are	shown	below	in		Table	 6Table	 5.	Given	 that	 there	were	a	 total	of	4	different	 treatment	 combinations,	 as	well	as	untreated	GW	and	seed	blanks,	and	as	each	was	conducted	 in	triplicates	there	was	a	total	of	18	reactors.		
	
Table	6:	Conditions	investigated	in	GVL	BMP	
Reactor	ID	 Substrate	conditions		0	 n/a	(seed	blank)	1	 Untreated	GW	2	 35%,	140oC	
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3	 35%,	160oC	4	 50%,	140oC	5	 50%,	160oC		
3.1.4. 	Sodium	Hydroxide	Inhibition	Tests	Sodium	 hydroxide	 inhibition	 tests	 were	 conducted	 in	 order	 to	 assess	 the	 effect	 of	sodium	hydroxide	on	the	AD	of	GW	and	if	 it	may	have	an	inhibiting	effect.	Each	of	the	conditions	applied	are	shown	below	in	Table	7.	Each	of	the	reactors	was	filled	with	the	same	amount	of	inoculum,	water,	and	dosed	with	NaOH	at	either	0.5,	1.0,	or	2.0%	NaOH	at	different	dilutions.	The	calculations	used	to	determine	the	dosage	amount	 is	shown	below.	Similar	to	the	regular	BMP,	bottles	were	flushed	with	a	mixture	of	80%	nitrogen	and	 20%	 carbon	 dioxide	 in	 order	 to	 achieve	 anaerobic	 conditions	 then	 sealed,	 and	biogas	production	was	measured	until	biogas	production	stopped	or	was	too	low.		
Table	7:	NaOH	concentrations	and	dosages	applied	in	neutralisation	tests	
Reactor	ID	 Conc	%w/w	NaOH		 Neutralisation	9	 0.5%	 None	10	 0.5%	 Dilute	10x	11	 0.5%	 Dilute	100x	13	 1.0%	 None	14	 1.0%	 Dilute	10x	15	 1.0%	 Dilute	100x	17	 2.0%	 None	18	 2.0%	 Dilute	10x	19	 2.0%	 Dilute	100x		Initial	dosage	of	NaOH	is	first	calculated	assuming	that	no	neutralisation	has	taken	place	for	 given	 concentration	 of	 NaOH.	 Therefore,	 the	 highest	 moisture	 content	 for	 either	ground	or	unground	GW	is	used	and	multiplied	by	the	g	actual	sample	loaded	into	given	reactor.		gNaOH	to	dose	=	%MC	x	gSample	GW	=	(1-%TS)	x	gSample	GW	
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Example	calculation	using	a	TS	example	of	25.45%		gNaOH	to	dose	=	%MC	x	gSample	GW	=	(1-%TS)	x	gSample	GW	=	(1-	25.45%)	x	8.69g	=	6.4756g	of	0.5%NaOH		mL	%NaOH	=	dosage	(g)	/	density	(g/mL)	=	6.4756g	/	1gmL-1	=6.4756mL		Concentration	NaOH	in	reactor	=	mL	NaOH	/	(mL	NaOH	+	mL	inoculum	+	mL	DI)	
	
Example	using	reactors	9a,	9b	Concentration	NaOH	=	6.4756mL	/	(6.4756mL	+	80mL	+	20mL)	=	6.08%		
3.1.5. Analytical	Methods	Total	(TS)	and	volatile	(VS)	solids	were	determined	by	drying	the	samples	overnight	at	105°C	for	TS	and	then	at	550°C	for	20	minutes	for	VS,	according	to	standard	methods	described	in	(Hach	2012;	Sluiter	et	al.	2008).	For	all	samples	of	inoculum	and	digestate,	50mL	 samples	 were	 first	 centrifuged	 and	 the	 filtrate	 was	 made	 to	 pass	 through	 the	47mm	0.45um	filter	membrane	and	this	was	used	for	characterisation	(excluding	total	COD).	 Many	 of	 the	 samples	 also	 required	 dilution	 before	 undergoing	 test.	Concentrations	of	 total	nitrogen	 (TN,	method	10072),	 total	phosphorous	 (TP,	method	10127),	 ammonia	 (NH3-N,	 method	 10031),	 total	 chemical	 oxygen	 demand	 (COD,	method	8000),	and	volatile	acids	(VA,	method	8196)	were	done	using	standard	water	analysis	 kits	 (Hach	 Company,	 USA).	 Alkalinity	 was	 determined	 using	 APHA	 standard	titration	method	for	alkalinity	(APHA	21st	edition,	method	2320).		
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	The	 methane	 and	 carbon	 dioxide	 composition	 of	 the	 biogas	 produced	 was	 analysed	using	a	gas	chromatograph	(GC)	(Varian	450-GC,	Agilent	Technologies)	equipped	with	a	TCD	detector	(Agilent	Technologies),	and	a	packed	column	(30m	length	and	0.320mm	internal	diameter,	GS-CarbonPLOT,	Agilent	Technologies).	Gas	samples	were	extracted	from	the	reactors’	headspace	using	a	syringe	and	then	injected	manually	to	the	GC.	The	temperature	 of	 the	 column,	 injector,	 and	 detector	 were	 70°C,	 100°C	 and	 200°C,	respectively.		Helium	was	used	as	the	carrier	gas	at	a	flow	rate	of	1.5mL/min.			For	 all	 experiments	 involving	 pretreatment,	 the	 content	 of	 cellulose,	 hemicellulose,	lignin,	and	extractives	of	untreated	and	pretreated	GW	samples	were	determined	using	the	 method	 as	 outlined	 in	 the	 NREL	 Laboratory	 Analytical	 Procedures	 (Sluiter	 et	 al.	2012).	 The	 samples	 first	 underwent	 ethanol	 extraction	 using	 an	 accelerated	 solvent	extractor	(ASE350,	Dionex).	The	extractive-free	solid	fractions	were	then	subjected	to	a	two-stage	 acid	 hydrolysis	 process,	 and	 the	 monomeric	 sugars	 (glucose,	 xylose,	arabinose,	 galactose,	 mannose,	 rhamnose)	 and	 cellobiose	 were	 analysed	 using	 High	Performance	 Liquid	 Chromatography	 (HPLC)	 (UFLC,	 Shimadzu)	 equipped	 with	 a	refractive	 index	 detector	 (RID),	 Pb+2	 column	 (RPM-Monosaccharide	 PB+2	 8%,	Phenomenex)	 and	 Na+	 column	 (RNM-Carbohydrate	 Na+	 8%,	 Phenomenex)	 in	 series.	The	temperature	of	the	RID	and	both	columns	were	held	at	40°C	and	80°C,	respectively.	Deionized	water	at	a	flow	rate	of	0.3mL/min	was	used	as	the	mobile	phase.			In	addition	to	this,	Fourier	Transform	Infrared	Raman	(FTIR)	spectroscopy	(Spectrum	100,	 Perkin	 Elmer)	 apparatus	was	 used	 to	measure	 the	 cellulose	 crystallinity	 of	 both	untreated	and	pretreated	samples	in	order	to	assess	any	changes	that	occurred	during	the	treatments.	Spectrums	were	obtained	using	the	ATR	mode,	at	a	scan	rate	of	64	scans	from	 4000	 to	 600cm-1	 and	 conducted	 in	 triplicates.	 Scanning	 Electron	 Microscope	(SEM)	imaging	(XL30,	Philips)	was	also	conducted	to	further	investigate	the	changes	in	surface	morphology	before	and	after	 treatment	and	was	performed	at	an	accelerating	voltage	of	15kV	and	a	spot	size	of	4.0.	All	samples	were	oven	dried	at	30°C	to	remove	any	moisture	and	then	gold-coated	for	1	minute	before	undergoing	imaging.		
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3.2. Phase	B:	Co-digestion	of	SFW	and	Victorian	GW	
3.2.1. Material	Preparation	GW	material	was	obtained	and	prepared	as	described	in	Phase	A.	As	real	OFMSW	could	not	be	obtained	from	industry,	synthetic	food	waste	(SFW)	using	Victorian	composition	data	from	EC	Sustainable	(2013)	was	created.	10kg	was	prepared	at	the	beginning	of	the	study	and	stored	in	freezer	in	small	packs	and	thawed	just	prior	to	any	experiment.		Fresh	 inoculum	was	 collected	 from	Melton	Waste	Recycling	 Facility	 located	 in	Mount	Cottrell,	Victoria	throughout	the	study.	Three	6L	samples	were	also	acclimatised	during	the	study	for	72	days	using	different	feeds	(these	acclimated	inoculums	were	later	used	in	the	co-digestion	experiment).	Each	of	the	seed	types	are	shown	below	in	Table	8	and	all	samples	were	stored	in	incubator/oven	at	35oC	in	10L	PP	containers.		
Table	8:	Overview	of	different	seed	types	used	during	Phase	B	experiments	
Seed	ID	 Seed	Type	Seed	C	 Acclimatised,	fed	with	feed	mixture	C/N=23	Seed	D	 Acclimated,	fed	with	feed	mixture	C/N=27	Seed	E	 Acclimated,	fed	with	feed	mixture	C/N=32	Seed	F	 Fresh	seed			Co-digestion	mixtures	were	selected	based	on	their	calculated	Carbon/Nitrogen,	or	C/N,	ratios,	as	shown	below	in		Table	9.	From	literature,	high	biomethane	producing	conditions	have	feed	characteristics	with	C/N	from	20-30.		
	
Table	9:	C/N	ratios	for	co-digestion	mixtures	of	GW	with	SFW	
Mixture	Ratio	of	
GW:SFW	
C/N	ratio	for	
	 	 GW	:	SFW	100:0	 110.367	90:10	 101.140	80:20	 91.913	70:30	 82.686	60:40	 73.458	50:50	 64.231	
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40:60	 55.004	30:70	 45.777	20:80	 36.549	
15:85	 31.936	
10:90	 27.322	
05:95	 22.709	0:100	 18.095		As	5,	10,	and	15%	GW	content	have	corresponding	C/N	ratios	 falling	within	 the	 ideal	range	of	20-30,	 those	 three	 feed	mixtures	have	been	selected.	To	explore	 the	effect	of	seed	acclimatisation	on	biogas	production	and	profile,	four	different	inoculum	samples	(Seed	C,	D,	E	and	F)	were	used	in	the	co-digestion	of	SFW	and	GW.	Effluent	from	a	liquid	anaerobic	 digester	 treating	 wastewater	 was	 collected	 from	 Melton	 Recycled	 Water	Plant	located	in	Mount	Cottrell,	Victoria.	The	effluent	was	then	divided	into	three	tanks	and	 each	 was	 fed	 with	 varying	 feed	 mixtures	 of	 SFW/GW,	 chosen	 based	 on	 their	calculated	 C/N	 ratios	 as	 shown	 above	 and	 labelled	 Seed	 C	 (5%GW	 and	 95%SFW,	C/N=23),	Seed	D	(10%GW	and	90%SFW,	C/N=27),	and	Seed	E	(15%GW	and	85%SFW,	C/N=32).	As	seen	in		Table	10,	the	feeding	mass	was	chosen	as	1%	of	the	starting	volume	(1500mL).		
	
Table	10:	Feeding	concentration	for	acclimatising	the	three	seed	types	
Parameter	 Seed	C:	5%GW	
and	95%	SFW	
(C/N=23)	
Seed	D:	10%GW	
and	90%	SFW	
(C/N=27)	
Seed	E:	15%GW	
and	85%	SFW	
(C/N=32)	Density	(g/mL)	 0.98	 0.95	 0.92	Feed	TS	concentration		(kg/m3)	 301.4	 325.0	 348.6	Feed	VS	concentration	(kg/m3)	 282.8	 303	 323.1	Feeding	volume	(g/d)	 14.74	 14.20	 13.68		Each	acclimation	tank	was	fed	the	given	mass	every	day	and	stored	in	an	oven	at	35oC	for	72	days	before	being	used	for	the	BMP.	Fresh	seed	fraction	was	then	collected	and	stabilised	again	in	an	oven	at	35oC	a	week	prior	to	the	commencement	of	the	BMP.			
3.2.2. Biochemical	Methane	Potential	(BMP)	Tests	Batch	BMP	were	 carried	out	 at	mesophilic	 conditions	 (37°C)	 in	250mL	 serum	bottles	capped	with	 rubber	 seals	 for	 a	34-day	digestion	period	 at	mesophilic	 conditions.	The	
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inoculum	 used	 varied	 depending	 on	 the	 desired	 experimental	 conditions,	 and	 was	either	fresh	inoculum	or	acclimatised	inoculum,	as	described	in	the	previous	section.			Each	of	the	co-digestion	conditions	applied	are	shown	below	in	Table	11.	Appropriate	amounts	of	either	SFW,	GW	or	pre-calculated	feed	mixtures	of	both	SFW/GW	 samples	were	 loaded	 into	 serum	 bottles	making	 up	 a	 total	mixture	 of	 feed	substrate	 and	 inoculum	 in	 order	 to	 achieve	 a	 substrate/inoculum	 (S/I)	 ratio	 (on	 VS	basis)	of	1.	Then	20mL	of	DI	water	was	added	to	each	setup	in	order	to	facilitate	mixing	within	the	bottles	during	the	digestion	period.	The	bottles	were	then	sealed	and	flushed	with	 a	 gas	 mixture	 of	 80%	 nitrogen	 and	 20%	 carbon	 dioxide	 in	 order	 to	 achieve	anaerobic	 conditions	 within	 the	 bottles.	 Bottles	 were	 then	 placed	 in	 an	 incubator-shaker	operating	at	37C	for	a	50-day	digestion	period.	Blanks	containing	only	DI	water	and	 inoculum	 were	 also	 used	 in	 order	 to	 determine	 the	 gas	 production	 from	 the	inoculum	alone,	and	all	reactor	setups	were	performed	in	triplicates.		
	
Table	11:	Conditions	investigated	in	Phase	B	co-digestion	BMP	
Reactor	ID	 Seed	Type	 Substrate	A	 Fresh	inoculum		 n/a	(seed	blank)	B	 Fresh	inoculum	 100%	SFW	C	 Fresh	inoculum		 100%	GW	D	 Fresh	inoculum		 Feed	C/N	=	22	E	 Fresh	inoculum		 Feed	C/N	=	27	F	 Fresh	inoculum		 Feed	C/N	=	31	G	 Acclimated	C/N=22	 n/a	(seed	blank)	H	 Acclimated	C/N=22	 Feed	C/N	=	22	I	 Acclimated	C/N=27	 n/a	(seed	blank)	J	 Acclimated	C/N=27	 Feed	C/N	=	27	K	 Acclimated	C/N=31	 n/a	(seed	blank)	L	 Acclimated	C/N=31	 Feed	C/N	=	31		
3.2.3. Analytical	Methods	All	 analytical	 methods	 used	 to	 determine	 TS,	 VS,	 COD,	 TN,	 TP,	 ammonia,	 VA,	 gas	analysis,	 sugar	 analysis,	 FTIR	 and	 SEM	were	 performed	 as	 described	 in	 the	 previous	section	3.1.4.		
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3.3. 	Phase	C:	Co-digestion	of	SFW	and	Swedish	GW		
3.3.1. 	Material	Preparation	Swedish	GW	primarily	composed	of	different	species	of	softwood	was	obtained	from	a	waste	collection	 facility	 in	Boras,	Sweden.	The	particle	size	was	mechanically	reduced	using	a	cutting	mill	(SM	100,	Retsch)	fitted	with	a	screen	with	10mm	openings	and	then	stored	 at	 room	 temperature.	 	 In	 order	 to	 compare	 results	 from	 both	 Victoria	 and	Sweden,	 SFW	 was	 again	 created	 using	 Victorian	 composition	 data	 (EC	 Sustainable	2013).	 In	a	small	 set	of	 reactors	 the	effect	of	GW	pretreatment	on	co-digestion	of	GW	with	SFW	as	also	investigated,	therefore	a	portion	of	GW	was	treated	using	1.0%	w/w	NaOH	(method	same	as	used	previously)	and	applied	in	BMP	tests.			Digestate	 from	an	 experimental	 digester	 fed	with	 solid	manure	 and	 straw	 in	 a	 textile	reactor	was	obtained.	This	digester	was	operated	at	room	temperature	and	high	TS	load	conditions.	 In	 order	 to	 assess	 the	 effect	 of	 total	 solids	 loading	 (TSL)	 on	 biogas	production,	a	portion	of	the	inoculum	was	separated	and	centrifuged,	the	liquid	portion	discarded,	and	the	solid	portion	used	as	inoculum	for	the	BMP	tests	exploring	high	TSL.	For	 low	 TSL	 reactors,	 the	 digestate	 was	 as	 it	 was	 obtained	 from	 the	 experimental	digester	 was	 applied	 directly	 to	 the	 reactor	 bottles.	 For	 batch	 tests	 operating	 at	mesophilic	 conditions,	 a	 portion	 of	 the	 digestate	 was	 first	 incubated	 at	 37°C	 for	 five	days	and	a	portion	of	this	sample	was	then	centrifuged	for	reactors	requiring	high	TSL.	It	was	observed	that	the	overall	TS	concentration	of	the	incubated	inoculum	sample	was	decreased	when	compared	to	digestate	kept	at	room	temperature.			
3.3.2. Biochemical	Methane	Potential	(BMP)	Tests	BMP	 tests	was	 carried	out	using	 either	GW	and	SFW	or	different	mixtures	of	 both	 as	substrates,	 performed	 in	 accordance	 to	 the	 method	 described	 by	 (Angelidaki	 et	 al.	2009).	 The	 digestion	was	 carried	 out	 under	 psychrophilic	 condition	 (20	 ±	 1	 °C)	 and	mesophilic	 condition	 (37	 ±	 1	 °C)	 using	 118	ml	 serum	 glass	 bottles	 as	 reactors.	 Four	different	 co-digestion	 mixtures	 of	 GW	 with	 complimentary	 SFW	 were	 investigated	within	 this	 study;	 0%	GW	 (i.e.	 100%	SFW),	 15%	GW,	 30%	GW,	 and	 100%	GW.	 They	were	mixed	 together	on	a	gram	basis	and	were	applied	as	 substrates	within	 the	BMP	tests.	The	batch	tests	were	operating	at	both	psychrophilic	and	mesophilic	conditions,	an	at	either	high	or	low	TSL.		
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	For	psychrophilic	conditions,	at	low	TSL	the	inoculum	had	concentrations	of	8.40%	TS	and	5.70%	VS,	 and	 an	 average	 value	 of	 ammonia	 nitrogen	 (NH4+-N)	 of	 2075mg/L.	 At	high	 TSL,	 the	 %TS	 and	 %VS	 concentrations	 increased	 to	 13.20%	 and	 10.13%,	respectively.	 Furthermore,	 three	 different	 S/I	 ratios	 of	 0.5,	 1.0,	 and	 2.0	 (on	VS	 basis)	were	investigated.	Then	appropriate	amounts	of	substrates	(0%GW,	15%	GW,	30%	GW,	and	100%	GW)	were	 loaded	 into	 the	reactors	with	a	 fixed	 inoculum	volume	of	30mL.	The	average	TS	concentration	 in	the	reactors	varied	with	S/I	ratio,	 from	10.6%	(S/I	=	0.5),	 to	 12.5%	 (S/I	 =	 1.0),	 to	 15.8%	 (S/I	 =	 2.0)	 at	 low	TSL,	 and	16.4%	 (S/I	 =	 0.5),	 to	19.0%	(S/I	=	1.0),	to	23.0%	(S/I	=	2.0)	at	high	TSL.		The	active	volumes	varied	with	the	substrate,	S/I	ratio,	and	TSL	applied,	ranging	from	32mL	ml	in	reactors	operating	at	low	TSL	with	0%	GW	and	S/I	=	0.5,	 to	84mL	in	reactors	operating	at	high	TSL	with	100%	GW	and	S/I	=	2.0.			For	mesophilic	conditions,	at	low	TSL	the	inoculum	had	concentrations	of	7.61%	TS	and	5.13%	VS,	 and	an	average	value	of	ammonia	nitrogen	 (NH4+-N)	of	2075mg/L.	At	high	TSL,	 the	%TS	 and	%VS	 concentrations	 increased	 to	 10.94%	 and	 7.55%,	 respectively.	Substrates	 (0%GW,	 15%	GW,	 and	 100%	GW)	were	 loaded	 into	 reactors	 using	 an	 S/I	ratio	of	0.5	(on	VS	basis)	for	all	BMP	with	a	fixed	inoculum	volume	of	35mL.	Water	was	added	 to	 reactors	 to	 adjust	 the	TS,	 and	TS	 concentrations	were	kept	 fixed	 at	 9.0%	 in	reactors	operating	at	 low	TSL	and	13.0%	in	reactors	operating	at	high	TSL.	The	active	volumes	varied	with	the	substrate	applied	and	ranged	from	40mL	to	45mL	in	low	TSL	reactors	and	40mL	to	47mL	in	high	TSL	reactors.				Inoculum	and	water	 instead	of	substrate	were	used	as	blank	to	disclose	any	methane	production	by	the	inoculum	itself.	The	reactors	were	then	sealed	with	rubber	septa	and	aluminum	caps,	and	the	headspace	was	flushed	with	a	gas	mixture	of	80	%	N2	and	20	%	CO2	 for	2	min	to	create	anaerobic	environment	 in	each	setup	(Angelidaki	et	al.	2009).	The	 reactors	 were	 then	 placed	 in	 a	 dark	 room	 with	 a	 temperature	 of	 20	 ±	 1	 °C	 for	psychrophilic	conditions	or	within	an	incubator	at	37	±	1	°C	for	mesophilic	conditions,	with	 reactors	 shaken	manually	once	a	day	during	 the	 incubation	period	of	75	and	39	days,	respectively.	All	experimental	setups	were	performed	 in	 triplicates.	Gas	samples	were	 taken	twice	a	week	at	 the	beginning	of	digestion	and	then	once	a	week	towards	
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the	 end	of	 the	digestion	period	 from	 the	headspace	of	 each	 reactor	using	 a	pressure-tight	 syringe	 (VICI,	 precious	 sampling	 Inc.,	 USA)	 and	were	 then	 analysed	 using	 a	 gas	chromatograph	 (GC).	 Gas	 measurement	 and	 analysis	 were	 carried	 out	 as	 described	previously	(Teghammar,	A.	et	al.	2010)	All	methane	volumes	are	presented	at	standard	conditions	(0	°C	and	1	atm).		
3.3.3. Analytical	Methods	TS,	 VS,	 and	 pH	 were	 determined	 according	 to	 biomass	 analytical	 procedures	 (APHA	2005).	 Ammonium	 nitrogen	 (NH4-N)	 was	 determined	 according	 to	 (Gilroyed	 et	 al.	2010)	 with	 slight	 modification;	 concentrations	 of	 ammonia	 were	 determined	 using	Ammonium	 100	 test	 kit	 (Nanocolor,	 Macherey	 Nagel	 GmbH	 &	 Co.	 KG,	 Germany),	digestates	were	centrifuged	at	4,000xg	for	15	min	and	the	supernatant	was	diluted	50	times	in	deionized	water	to	a	final	volume	of	5	ml	concentrations	and	determined.			The	 volatile	 fatty	 acids	 of	 the	 digestate	 filtrates	 were	 measured	 using	 a	 high-performance	 liquid	 chromatograph	 (HPLC,	 water	 2695,	 Waters	 Corporation,	 Milford,	MA,	USA)	equipped	with	an	RI	detector	(Waters	2414,	Waters	Corporation	Milford,	MA,	USA)	and	a	biohydrogen-ion	exchange	column	(Aminex	HPX-87H,	Bio-Rad,	Hercules,	CA,	USA)	operating	at	60	oC.	A	UV	absorbance	detector	(Walters	2487),	operating	at	210	nm	wavelength	 was	 used	 in	 series	 with	 a	 refractive	 index	 (RI)	 detector	 (Walters	 2414)	operating	 at	 60	 oC.	 	A	 UV	 absorbance	 detector	 (Walters	 2487),	 operating	 at	 210	nm	wavelength	was	used	in	series	with	a	refractive	index	(RI)	detector	(Walters	2414).			The	methane	produced	was	determined	by	a	GC	(Perkin-Elmer,	USA)	equipped	with	a	packed	 column	 (6′	 ×	 1.8″	 OD,	 80/100,	 Mesh,	 Perkin	 Elmer,	 USA)	 and	 a	 thermal	conductivity	 detector	 (Perkin-Elmer,	 USA),	with	 an	 inject	 temperature	 of	 150	 °C.	 The	carrier	 gas	 was	 nitrogen	 operated	 with	 a	 flow	 rate	 of	 20	ml/min	 at	 60	 °C.	 A	 250-μl	pressure-lock	 gas	 syringe	 (VICI,	 precious	 sampling	 Inc.,	 USA)	 was	 used	 for	 taking	samples	for	the	gas	analysis,	and	the	accumulated	methane	production	was	calculated	accordingly	(Teghammar,	A.	et	al.	2010).		
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3.4. Overview	of	Batch	Tests				
																								 	
37°C	
Low	TS	
High	TS	
S/I	=	0.5	
S/I	=	1	
Textile	reactor	seed		
Non-acclimated	seed	
Acclimated	seed	
0%	GW	Untreated	GW	AA	treated	GW	
0%	GW	
5%	GW	10%	GW	15%	GW	100%	GW	
Acclimated	with	5%	GW	feed	(Seed	C)	Acclimated	with	10%	GW	feed	(Seed	D)	
Acclimated	with	15%	GW	feed	(Seed	E)	
5%	GW	
10%	GW	
15%	GW	
S/I	=	0.5	 Textile	reactor	seed		
15%	GW	100%	GW	
15%	GW	30%	GW	100%	GW	
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AA	treated	GW	 15%	GW	30%	GW	100%	GW	
15%	GW	100%	GW	
Fresh	Seed	F	
GVL	treated	GW	
AA	treated	GW	Fresh	seed	
Fresh	seed	
Figure	4:	Factors	for	BMP	tests	conducted	at	mesophilic	temperatures	
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Factors	for	BMP	tests	conducted	at	room	temperature:			 				
22°C	
Low	TS	
High	TS	
Textile	reactor	seed	
Textile	reactor	seed	
S/I	=	0.5	
S/I	=	2	
S/I	=	1	
S/I	=	0.5	
S/I	=	2	
S/I	=	1	
15%	GW	
30%	GW	100%	GW	
0%	GW	
15%	GW	
30%	GW	100%	GW	
0%	GW	
15%	GW	
30%	GW	100%	GW	
0%	GW	
15%	GW	
30%	GW	100%	GW	
0%	GW	
15%	GW	
30%	GW	100%	GW	
0%	GW	
15%	GW	
30%	GW	100%	GW	
0%	GW	
Figure	5:	Factors	for	BMP	tests	conducted	at	room	temperature	
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4. Results	and	Discussion	
4.1 Phase	A:	Alkaline-Autoclaving	Pretreatment	of	GW	&	BMP	Tests		Research	Question	Two	and	Three:	Which	of	the	available	pretreatment	processes	can	be	applied	to	GW	to	enhance	biodegradability	during	AD?	How	does	pretreatment	affect	GW’s	characteristics	and	is	there	a	relationship	with	biogas	yield	from	GW	and	quality	of	digestate?		During	 the	 literature	 review	 stage	 of	 the	 study,	 two	 pretreatment	 techniques	 for	lignocellulosic	materials	were	identified	as	showing	much	promise	for	the	pretreatment	of	 GW.	 These	 two	 pretreatments	 were	 a)	 dilute	 AA	 pretreatment,	 and	 (b)	 GVL	fractionation	pretreatment.			Untreated	 GW	 samples	 underwent	 characterisation	 both	 before	 and	 after	mechanical	particle	sizer	reduction.	Untreated	unground	samples	had	a	C/N	ratio	of	96	as	well	as	TS	and	VS	contents	of	90.99%	and	83.64%,	respectively.	As	shown	in	Table	12,	there	was	a	slight	 increase	 in	 these	 values	with	 particle	 communition,	where	GW	ground	<10mm	had	 a	 C/N	 ratio	 of	 110	 and	 TS	 and	 TS	 and	 VS	 contents	 of	 91.13%	 and	 86.60%,	respectively.	 This	 increase	 could	be	 either	be	due	 to	 sampling	 conditions	or	 the	 level	slight	changes	in	material	retained	in	the	sieve	when	screening	ground	GW	to	a	particle	size	<10mm.	Pretreatment	altered	the	physical	structure	and	chemical	composition	of	GW	 and	 this	 was	 observed	 during	 the	 characterisation	 process	 of	 untreated	 and	 AA	treated	 samples.	 All	 GW	 samples	 were	 applied	 in	 batch	 AD	 tests	 to	 determine	 their	biochemical	methane	 potential.	 The	 two	main	 impact	 factors	 investigated	within	 this	part	 of	 the	 study	 were	 particle	 size	 (unground	 and	 ground	 <10mm)	 and	 NaOH	concentration	 (0.5,	 1.0	 and	 2.0%	 w/w	 NaOH).	 Constant	 factors	 used	 throughout	treatment	were	autoclaving	at	121°C	for	90	minutes.	Response	variables	used	to	assess	the	success	of	these	two	treatment	factors	include	50-day	cumulative	methane	yield	and	methane	production	rate	(BMP	tests),	 lignin	degradation	(NREL	analysis),	crystallinity	index	(FTIR	analysis),	and	pore	size	(SEM	analysis).			
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4.1.1 Composition	of	materials	and	inoculum	Materials	were	characterised	for	TS	and	VS	contents	before	and	after	AA	treatment,	and	the	results	are	shown	below	in	Table	12.		
Table	12:	TS	and	VS	analysis	of	untreated	and	AA	treated	GW	
Pretreatment	Conditions	 %TS	 %VS	Unground,	Untreated	 90.99	 83.64	Unground,	0.5%NaOH	 27.84	 26.26	Unground,	1.0%NaOH	 24.34	 22.16	Unground,	2.0%NaOH	 21.01	 18.00	<10mm,	Untreated	 91.13	 86.60	<10mm,	0.5%NaOH	 25.54	 23.51	<10mm,	1.0%NaOH	 23.84	 21.60	<10mm,	2.0%NaOH	 24.42	 22.24			The	following	Table	13	shows	the	characteristics	of	 the	 inoculum	used	as	seed	during	the	BMP.	These	values	were	obtained	from	the	fresh	seed	obtained	close	to	the	time	of	BMP	commencing.			
Table	13:	Characterisation	of	seed	used	for	AA		treated	GW	BMP	
Seed	(for	AA)	Parameter	 Value	for	AA	seed	pH	 7.28	%TS	 3.31	%VS	 2.49	Density	(g/mL)	 1.02	Total	COD	(mg/L)	 62100	Soluble	COD	(mg/L)	 1400	Total	Nitrogen	(mgTN/L)	 1490	Total	Phosphorous	(mgTP/L)	 354	Ammonia	(mgNH3-N/L)	 945	Volatile	Acids	(mgCH3COOH/L)	 580	Alkalinity	(mgCaCO3/L)	 3900			
4.1.2 Cumulative	methane	production	The	 AD	 of	 untreated	 and	 AA	 treated	 Victorian	 GW	 samples	 over	 a	 50-day	 digestion	period	was	 carried	 out	 at	mesophilic	 conditions	 running	 alongside	 a	 seed	 blank	 as	 a	control.		
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Pretreatment	of	GW	showed	significant	effect	on	the	cumulative	methane	yield	obtained	during	the	50-day	digestion	period.	The	average	cumulative	methane	yield	determined	at	the	end	of	the	digestion	period	for	each	of	the	GW	samples	is	summarised	below	in	Table	14.		Untreated	 waste	 which	 was	 digested	 in	 its	 original	 state	 as	 it	 was	 collected	 from	Bacchus	 Marsh	 and	 had	 also	 not	 undergone	 any	 sort	 of	 mechanical	 communition	achieved	 an	 average	 yield	 of	 68.01	 L/kg	VS,	 overall	 quite	 low	 in	 terms	 of	 production	when	compared	with	other	organic	waste	materials	such	a	food	waste	or	OFMSW.	This	low	 yield	 however	 is	 quite	 characteristic	 of	 such	 a	 waste	 material,	 which	 are	lignocellulosic	and	composed	of	complex	carbohydrates	and	are	therefore	more	difficult	to	breakdown.	The	methane	yield	obtained	from	untreated	and	unground	GW	(68.01L	CH4/kg	VS)	 is	quite	high	compared	to	the	yields	achieved	in	similar	studies	for	GW	or	yard	waste	where	yields	ranging	from	17.6L	CH4/kg	VS,	20L	CH4/kg	VS,	and	50L	CH4/kg	VS	were	achieved	 from	 the	 raw	untreated	material	 (Brown	&	Li	2013;	Zhao,	 Jia	 et	 al.	2014;	Zhao,	J,	Zheng	&	Li	2014).				
Table	14:	Average	cumulative	methane	yield	of	AA	treated	GW	at	Day	50	Pretreatment		Conditions	 Average	yield		(L/kg	VS)	 Percentage	increase	from	untreated,	unground	(L/kg	VS)	Unground,	untreated	 68.01	±	7.69	 -	Unground,	0.5%	NaOH	 121.03	±	9.00	 77.9	Unground,	1.0%	NaOH	 176.45	±	28.88	 159.4	Unground,	2.0%	NaOH	 171.22	±	8.46	 151.8	<10mm,	untreated	 72.50	±	11.80	 6.6	<10mm,	0.5%	NaOH	 130.50	±	24.29	 91.9	<10mm,	1.0%	NaOH	 213.70	±	9.05	 214.2	<10mm,	2.0%	NaOH	 103.55	±	2.10	 52.3	
±	Values	are	the	average	error	of	the	triplicates.	Without	 any	 sort	of	particle	 communition	and	 looking	at	 chemical	 treatment	 alone,	 it	can	 be	 seen	 that	 all	 of	 the	AA	 pretreatment	 concentrations	 investigated	 in	 this	 study	resulted	 in	 a	 significant	 increase	 in	 cumulative	 methane	 yield	 as	 shown	 in	 Figure	 6.	Even	after	 the	mildest	 condition	used	of	0.5%	w/w	NaOH	a	 final	yield	of	121L/kg	VS	was	 observed	 corresponding	 to	 a	 78%	 increase	 compared	 to	 that	 of	 untreated	unground	 GW.	 The	 highest	 cumulative	 methane	 yield	 however	 was	 achieved	 by	 GW	
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treated	with	1.0%	w/w	NaOH	with	an	average	yield	of	176.45L/kg	VS,	corresponding	to	a	159%	increase	compared	to	that	of	untreated	unground	GW.		Furthermore,	there	was	an	expectation	that	as	2.0%	w/w	NaOH	is	double	the	concentration	of	1.0%	w/w	NaOH,	potentially	 the	 methane	 yield	 produced	 from	 such	 pretreated	 GW	 should	 increase	proportionally.	However,	there	was	only	a	slight	difference	observed,	and	the	increase	in	the	concentration	of	chemical	treatment	did	not	lead	to	an	additional	increase	in	the	total	methane	yield.	Therefore,	we	can	conclude	that	treating	unground	GW	with	2.0%	w/w	NaOH	 is	both	economically	and	environmentally	unnecessary.	The	 reasons	as	 to	why	 the	 yield	 from	 2.0%	 w/w	 NaOH	 was	 lower	 than	 that	 from	 1.0%	 w/w	 NaOH	pretreated	samples	will	be	discussed	further	in	sections	4.1.5	to	4.1.6.			
	
Figure	6:	Cumulative	methane	yield	of	unground	AA	treated	GW	over	50-day	digestion	period		The	mechanical	 treatment,	 i.e.	 size	 reduction,	 combined	with	 the	 chemical	 treatment	Figure	 7,	 showed	 significant	 effect	 on	 methane	 yield,	 with	 the	 highest	 cumulative	methane	 yield	 of	 213.0L/kg	 VS	 obtained	 from	GW	 ground	 <10	mm	 and	 treated	with	1.0%	w/w	NaOH.	This	was	the	highest	yield	achieved	for	all	the	conditions	investigated	
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in	this	study,	corresponding	to	an	increase	of	methane	yield	by	195%	compared	to	that	of	untreated	ground	<10mm	GW	and	an	even	larger	increase	of	214%	when	compared	to	untreated	unground	GW.	Similar	to	what	was	observed	for	unground	GW,	increasing	the	 concentration	 to	 2.0%	 w/w	 NaOH	 did	 not	 show	 a	 proportional	 increase	 in	 the	methane	yield.	Contrarily,	it	caused	a	significant	decrease	in	cumulative	yield	to	103.55	L/kg	VS,	which	 is	 less	 than	unground	GW	treated	at	 the	same	conditions	(171.22L/kg	VS)	 as	 well	 as	 ground	 <10mm	 and	 treated	 at	 milder	 0.5%	 w/w	 NaOH	 condition	(130.50L/kg	VS).			When	 observing	 the	 effect	 of	 particle	 communition,	 mechanical	 reduction	 of	 GW	particle	size	without	any	chemical	treatment	showed	very	little	impact	on	the	final	yield	with	untreated	ground	<10mm	GW	achieving	a	total	yield	of	72.50L/kg	VS,	only	a	6.6%	increase	from	untreated	unground	GW	at	68.01	L/kg	VS.			
	
Figure	7:	Cumulative	methane	yield	of	AA	treated	GW	ground	<10mm	over	50-day	digestion	
period			
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The	drop	 in	cumulative	yield	when	 increasing	the	treatment	concentration	 from	1.0%	w/w	 NaOH	 to	 2.0%	 w/w	 NaOH	 is	 quite	 different	 between	 unground	 and	 ground	samples.	 A	 3.0%	 drop	 in	 methane	 yield	 was	 observed	 in	 unground	 samples	 when	subjected	 to	 treatment	 at	 2.0%	 NaOH	 however	 this	 figure	 rose	 to	 a	 51.5%	 drop	 in	methane	 yield	 when	 samples	 were	 first	 ground	 <10mm	 and	 then	 subjected	 to	 2.0%	NaOH	treatment.	Therefore,	the	use	of	higher	concentrations	such	as	2.0%	w/w	NaOH	may	be	 far	 too	severe	 for	GW	which	has	already	undergone	some	 form	of	mechanical	size	reduction	as	the	increase	in	surface	area	combined	with	high	temperature	chemical	treatment	 causes	 the	 GW	 severely	 fragmented	 as	 highlighter	 in	 section	 4.1.6.	 The	mildest	 concentration	 of	 0.5%	 w/w	 NaOH	 had	 a	 positive	 effect	 on	 yield	 achieving	increases	of	78%	and	80%	for	unground	and	ground	samples,	respectively.			
4.1.3 Daily	methane	yield	Observing	 the	 trend	 of	 daily	methane	 yield	 it	 can	 be	 seen	 that	within	 the	 first	 week	there	is	a	sharp	peak	in	production	before	it	slows	down	and	continues	to	produce	gas	at	 a	 slow	 but	 consistent	 rate	 (Figure	 8	 and	 Figure	 9).	 This	 quick	 initial	 peak	 is	representative	 of	 the	 consumption	 of	 readily	 available	 organics	 which	 the	microorganisms	 consume	 and	 rapidly	 convert	 to	 methane.	 For	 both	 ground	 and	unground	 GW	which	 underwent	 AA	 pretreatment,	 the	 average	 gas	 production	 for	 all	reactors	peaked	on	Day	5	(around	15-20L/kg	VS	)	before	stabilising	to	around	2-5L/kg	VS	per	day	(Table	15).		 	
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Table	15:	Peak	methane	production	rates	for	AA	treated	GW	
Pretreatment	Conditions		 Peak	 production	 rate	
(L/kg	VS)	
Occurred	on	Day	
Unground,	Untreated		 3.88	 5	Unground,	0.5%NaOH	at	121oC	for	90min	 8.41	 5	Unground,	1.0%NaOH	at	121oC	for	90min	 13.98	 5	Unground,	2.0%NaOH	at	121oC	for	90min	 12.93	 5	<10mm,	Untreated	 6.75	 3	<10mm,	0.5%NaOH	at	121oC	for	90min	 10.32	 5	<10mm,	1.0%NaOH	at	121oC	for	90min	 12.54	 5	<10mm,	2.0%NaOH	at	121oC	for	90min	 13.40	 5			The	daily	methane	yield	for	all	samples	including	untreated	GW	peaked	within	the	first	5	days	of	digestion,	with	 the	highest	 reaction	rate	observed	 for	unground	GW	treated	with	1.0%	w/w	NaOH	with	a	production	rate	of	13.40L	CH4/kg	VS/d,	a	260%	increase	compared	 to	 that	 of	 untreated	 GW	 (Table	 15).	 This	 higher	 rate	 is	 in	 agreement	with	what	 was	 observed	 in	 cumulative	 methane	 yield	 with	 1.0%	 w/w	 NaOH	 treated	 GW	achieving	the	highest	cumulative	methane	production	after	50	days	of	digestion.	After	day	 5	 of	 digestion,	 the	 reaction	 rate	 was	 seen	 to	 stabilise	 at	 a	 daily	 methane	 yield	ranging	between	1-4L	CH4/kg	VS/d.	
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Figure	8:	Profile	of	daily	methane	yield	for	AA	treated	GW	ground	<10mm	over	a	50-day	digestion	
period	
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Figure	9:	Profile	of	daily	methane	yield	for	unground	AA	treated	GW	over	a	50-day	digestion	
period		
4.1.4 Changes	in	structural	composition	NREL	analysis	was	used	to	assess	the	changes	in	lignin	and	carbohydrate	contents	both	before	and	after	treatment	 	and	the	results	are	summarised	 in	Table	16.	 In	all	 treated	samples	there	was	a	significant	decrease	in	lignin	content	and	this	was	either	reflected	as	acid	soluble	lignin	(ASL)	or	acid	insoluble	lignin	(AIL).	The	total	lignin	is	calculated	as	total	sum	of	both	AIL	and	ASL.	The	greatest	reduction	in	total	 lignin	was	found	in	GW	ground	<10mm	treated	at	1.0%	NaOH	with	a	37.3%	decrease	in	total	lignin,	followed	by	GW	ground	<10mm	and	subjected	 to	2.0%	NaOH	treatment	with	a	32.6%	decrease	 in	total	lignin,	when	compared	to	that	of	untreated	GW.			
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This	 reduction	 in	 total	 lignin	 was	 coupled	 with	 significant	 increases	 in	 both	 relative	fractions	of	glucan	and	xylan	when	compared	to	untreated	GW,	with	huge	increases	in	glucan	relative	fractions	ranging	from	140	to	230%	and	even	larger	increases	in	xylan	relative	fraction	ranging	from	350%	to	670%.	It	is	important	to	note	however	that	this	glucan	 increase	 is	 apparent	 as	 it	 does	 not	 take	 into	 account	 the	 mass	 which	 was	solubilised	in	the	AA	treatment	liquor.					
Table	16:	Compositional	analyses	of	untreated	and	AA	treated	GW.	Contents	of	lignin	and	
carbohydrates	were	calculated	as	%	of	dry	weight	
Pretreatment	
conditions	
%ASL	 %AIL	 %	Glucan	 %Xylan	 %Galactan		 %	Arabinan	
Untreated		 2.2	 27.3	 12.5	 1.8	 0.4	 1.2	Unground,	0.5%	NaOH	 1.9	 18.1	 32.3	 13.3	 0.8	 1.2	Unground,	1.0%	NaOH	 1.9	 22.7	 35.9	 13.3	 0.4	 1.1	Unground,	2.0%	NaOH	 2.7	 24.4	 35.4	 14.3	 0.7	 1.2	<10mm,	0.5%	NaOH	 2.9	 21.8	 33.8	 10.2	 0.5	 1.2	<10mm,	1.0%	NaOH	 2.8	 15.7	 41.8	 10.6	 0.5	 1.2	<10mm,	2.0%	NaOH	 2.1	 21.4	 30.2	 8.4	 0.5	 1.2		The	results	obtained	from	the	compositional	analysis	showed	significant	lignin	removal	in	 GW	when	 treated	with	 dilute	NaOH	 showing	 a	 lignin	 c	 reduction	 of	 around	 8%	 in	unground	 GW	 and	 37%	 in	 GW	 ground	 <10mm.	 This	 is	 combined	 with	 the	 trend	 of	increasing	carbohydrate	concentration	in	GW	samples,	where	concentrations	of	glucan	and	xylan	were	significantly	improved	in	AA	treated	samples,	similar	to	trends	seen	in	the	study	conducted	by	Wan,	Zhou	&	Li		(2011).	Similar	behavior	was	also	observed	in	a	study	conducted	by	Cao,	W.	et	al.	(2012)	on	the	pretreatment	of	sweet	sorghum	bagasse.	When	compared	with	other	thermochemical	treatments,	dilute	AA	treatment	of	bagasse	for	 	 60	 min	 	 using	 2.0%	 NaOH	 retained	 high	 concentrations	 of	 cellulose	 and	hemicellulose	 coupled	 with	 lower	 lignin	 content	 (Cao,	 W.	 et	 al.	 2012).	 The	 most	
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significant	reduction	achieved	within	this	study	was	observed	in	samples	treated	with	1.0%	 NaOH	 with	 a	 37.7%	 decrease	 in	 total	 lignin	 concentration.	 Furthermore,	 1.0%	w/w	NaOH	showed	a	234.4%	increase	in	cellulose	concentration,	a	261.8%	increase	in	hemicellulose	 concentration,	 and	 these	 changes	 were	 reflected	 in	 the	 cumulative	methane	yield	at	end	of	the	50-day	digestion	period,	with	a	cumulative	methane	yield	of	213.70L/kg	VS	meaning	a	214.2%	increase	from	untreated	waste.			
4.1.5 Changes	in	cellulose	crystallinity	index	Fourier	Transform	Infrared	Spectroscopy	(FTIR)	was	conducted	on	both	untreated	and	AA	 pretreated	 samples	 in	 order	 to	 determine	 the	 effect	 of	 pretreatment	 on	 cellulose	crystallinity,	 with	 an	 ideal	 result	 being	 a	 decrease	 in	 crystallinity.	 It	 is	 known	 that	treatment	 with	 1.0%NaOH	 led	 to	 the	 highest	 cumulative	 yield	 of	 213.70L/kg	 VS,	followed	by	Unground,	1.0%NaOH	and	Unground,	2.0%NaOH	(176.45	and	171.22L/kg	VS,	 respectively).	This	 is	 reflected	 in	 the	Crystallinity	 Index	 shown	below	 in	Table	17	with	 a	 greater	 decrease	 in	 those	 particular	 conditions	 from	 untreated.	 It	 was	 also	observed	that	<10mm,	2.0%NaOH	also	resulted	in	a	lowest	crystallinity	index.			
Table	17:	Changes	in	crystallinity	index	in	AA	treated	GW	
Pretreatment	Conditions	 Crystallinity	Index	
(A1430/A898)	
Total	Crystallinity	Index	
(A1375/A2900)	
Untreated	 0.6366	 1.9023	
Unground,	0.5%NaOH	 0.6290	 1.6534	
Unground,	1.0%NaOH	 0.6173	 1.3825	
Unground,	2.0%NaOH	 0.5796	 1.8864	
<10mm,	0.5%NaOH	 0.6285	 1.6786	
<10mm,	1.0%NaOH	 0.6029	 1.4973	
<10mm,	2.0%NaOH	 0.5353	 1.6357		Cellulose	 crystallinity	 before	 and	 after	 treatment	 for	 crystallinity	 index	 (CI,	A1430/A898)	 and	 total	 crystallinity	 index	 (TCI,	A1375/A2900)	were	 calculated	using	bandwidth	 allocations	 as	described	 in	 Colom	et	 al.	 (2003);	 Salehian	&	Karimi	 (2013).	The	absorbance	bands	at	1430cm-1	 and	898cm-1	 are	 representative	of	Cellulose	 I	 and	Cellulose	 II,	 respectively,	 while	 absorbance	 at	 1375cm-1	 and	 2900cm-1	 are	measurements	 of	 C-H	 bending	 and	 stretching.	 The	 results	 in	 Table	 17	 shows	 that	
	71		
treatment	 was	 successful	 in	 decreasing	 either	 or	 both	 of	 CI	 and	 TCI	 and	 achieved	reductions	ranging	from	1.2%	to	15.9%	and	8.4%	to	27.3%,	respectively,	depending	on	the	conditions	of	treatment.	When	observing	the	results	in	CI,	a	trend	was	identified	for	both	 unground	 and	 ground	 samples	 where	 there	 was	 greater	 reduction	 in	 CI	 with	increased	concentration	of	NaOH	used	in	treatment	compared	to	untreated	GW.	While	treating	unground	and	ground	GW	samples	with	0.5%	w/w	NaOH	caused	only	a	slight	1.0%	decrease	in	CI,	a	greater	reduction	was	observed	when	1.0%	w/w	NaOH	was	used	resulting	 in	a	3%	and	5%	reduction	 in	CI	 for	unground	and	ground	GW,	 respectively.	Increasing	the	NaOH	concentration	further	to	2.0%	w/w	caused	a	reduction	of	9%	and	16%	in	CI	for	unground	and	ground	samples,	respectively.			However	a	slightly	different	trend	occurred	in	TCI,	where	the	greatest	reduction	in	TCI	was	achieved	in	wastes	treated	at	1.0%	w/w	NaOH	i.e.	reduction	by	27%	and	21%	for	unground	and	ground	samples,	 respectively.	The	second	greatest	decrease	 in	TCI	was	then	observed	in	samples	treated	with	a	milder	conditions	i.e.	using	0.5%	w/w	NaOH,	their	 reductions	 of	 13%	 and	 7%,	 respectively,	 were	 achieved.	 Lastly,	 treatment	 with	2.0%	w/w	NaOH	caused	a	slight	reduction	in	TCI	of	1	and	14%,	respectively.			
4.1.6 SEM	Analysis	of	AA	treated	GW		Scanning	electron	microscopy	(SEM)	was	used	 to	analyse	any	physical	 changes	which	took	 place	 on	 the	 surface	 morphology	 of	 GW	 when	 samples	 underwent	 AA	pretreatment.	Ideally	treatment	aims	to	breakdown	the	structure	of	the	lignocellulosic	material	 by	 either	 enhancing	 the	 porosity	 of	 the	material	with	 the	 formation	 of	 pore	holes	or	disrupting	the	fibres	of	the	material.	In	doing	so,	the	material	itself	will	have	an	overall	increase	in	accessible	surface	area	allowing	microorganisms	easier	access	to	the	forming	 carbohydrates	 and	 during	 the	 following	 BMP	 tests	 and	 thus	 enhancing	 the	methane	yield	during	the	following	AD	BMP	tests.			
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Figure	10:	Untreated	GW	ground	<10mm	
	
Figure	 11:	 GW	 ground	 <10mm,	 treated	 with	 0.5%	
w/w	NaOH	
	
Figure	12:	GW	ground	<10mm,	treated	with	
1.0%	w/w	NaOH	
	
Figure	 13:	 GW	 ground	 <10mm,	 treated	 with	 2.0%	
w/w	NaOH		Looking	first	at	the	untreated	GW	material	which	underwent	SEM	as	seen	in	Figure	10,	it	can	be	see	that	the	GW	fibres	are	still	firmly	intact	and	packed	together,	the	material	appears	very	solid.	There	are	no	visible	pore	holes	or	any	free	area	for	microorganisms	to	 easily	 enter	 the	material	 as	 the	 surface	 of	 the	 GW	 is	 smoothed	 over	 entirely.	 This	completely	solid	physical	structure	however	is	altered	when	the	samples	underwent	AA	treatment	as	seen	 in	 the	Figure	11,	where	GW	ground	<10mm	and	 treated	with	0.5%	w/w	NaOH	shows	a	much	more	loose	structure.	The	fibres	are	more	exposed,	with	the	removal	of	the	lignin	meaning	there	is	no	overlying	layer	covering	the	entire	surface	of	the	 fibres.	 Furthermore,	 looking	 a	 bit	 closer	 at	 the	material	 small	micropores	 can	 be	seen	 to	 have	 formed	 on	 the	 surface	 spread	 quite	 evenly	 along	 the	 exposed	 fibres,	allowing	little	pockets	of	access	for	microorganisms.		
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	Previously	conducted	studies	have	shown	alkaline	treatment	to	have	the	ability	to	cause	swelling	of	cellulose,	increase	the	solubility	of	lignin	as	shown	in	section	4.1.4,	and	thus	increase	 biomass	 porosity	 (Nlewem,	 K.	 C.	 &	 Thrash	 2010).	 Such	 features	 were	 also	observed	within	 this	 study	where	 SEM	 analysis	 of	 the	 treated	 GW	 showed	 the	 fibres	within	treated	samples	to	become	liberated	from	the	lignin	portion	of	material,	which	is	clearly	evident	in	the	initial	SEM	images	of	the	untreated	GW	(Figure	10	to	Figure	13).			Lignin	removal	is	even	more	apparent	with	increasing	concentration	of	NaOH	used	for	treatment.	As	shown	in	Figure	12,	with	the	fibres	bared	on	the	surface	of	the	material	without	much	glue	holding	them	together,	after	treatment	with	1.0%	NaOH.	In	addition	to	this	the	micropores	have	increased	quite	significantly	in	size	and	formed	large	pore	holes	spread	along	the	surface	of	the	fibres.	As	seen	in	the	images,	the	material	has	even	become	a	bit	feathered	and	loose.	These	particular	images	capture	the	conditions	of	an	ideal	 treatment	 with	 loose	 fibres	 and	 poreholes,	 all	 indicating	 increased	 accessible	surface	area	for	microorganisms.	This	type	of	phenomena	was	also	observed	in	studies	conducted	 on	 spruce	 treated	 with	 NaOH/urea	 at	 freezing	 conditions	 (Zhao,	 Y	 et	 al.	2008)	as	well	as	on	pine	wood	treated	with	NaOH	at	either	60°C	and	100°C	(Salehian	et	al.	2013).	At	the	conditions	investigated	within	the	study,	the	breakdown	of	the	spruce	fibres	was	observed	and	 the	overall	 structure	was	seen	 to	become	 looser	while	pores	became	enlarged	 in	pinewood	with	 increasing	 temperature.	 In	doing	so,	 there	was	an	increase	 in	accessible	surface	area	available	 for	microorganisms	to	make	contact	with	biomass	as	was	the	case	with	GW	within	this	study.	 	The	trends	observed	through	the	SEM	images	of	GW	treated	at	1.0%	w/w	NaOH	and	the	results	achieved	during	the	batch	digestion	 suggest,	 that	 the	 increase	 in	 accessible	 surface	 area	 led	 to	 the	 increase	 in	cumulative	methane	yield	during	the	50-day	digestion	period.			Furthermore	 comparing	 the	 trends	 observed	 through	 the	 SEM	 images	 and	 also	correlated	with	the	TCI	trends	for	1.0%	w/w	NaOH	GW	treated	samples,	indicating	that	a	relationship	may	exist	between	these	three	factors.			The	 negative	 impacts	 of	 treatment	 were	 observed	 however	 by	 increasing	 the	concentration	 to	 2.0%	w/w	NaOH	 and	 therefore	 increasing	 the	 severity	 of	 treatment	
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caused	 the	 complete	 breakdown	 and	 fragmentation	 of	 the	 GW	 structure	 as	 seen	 in	Figure	13,	where	 the	 fibres	have	almost	been	completely	destroyed	by	 the	 treatment.	Large	 portions	 of	 the	material	 appear	 to	 have	 been	 removed	 completely,	 and	 though	this	 indicates	 an	 increased	 accessible	 surface	 area	 for	microorganisms	 to	 attach	 to,	 it	also	 may	 indicate	 a	 loss	 in	 available	 carbohydrate	 material	 and	 thus	 sugars	 to	 be	consumed	 during	 anaerobic	 digestion.	 In	 order	 to	 validate	 this,	 in	 comparing	 these	results	 with	 those	 achieved	 during	 the	 cumulative	 methane	 yield	 for	 GW,	 ground	<10mm	 and	 treated	 at	 2.0%	w/w	 NaOH	 actually	 produced	 the	 worst	 overall	 results	achieving	 a	 103.55L	 CH4/kg	 VS	 (Table	 21).	 It	 was	 the	 lowest	 result	 achieved	 from	treated	 samples,	 achieving	 even	 lower	 yield	 than	 that	 of	 GW	 which	 had	 remained	unground	but	was	treated	with	the	same	2.0%	w/w	NaOH	concentration.	Therefore,	in	comparing	 the	 broken	 down	 structure	 shown	 in	 the	 SEM	 images	with	 that	what	was	achieved	 in	 the	 BMP	 tests,	 it	 can	 be	 concluded	 that	 there	 was	 a	 clear	 loss	 in	 sugars	which	 may	 have	 been	 solubilized	 during	 the	 treatment	 process	 resulting	 in	 a	subsequent	loss	in	methane	yield	observed	from	the	pulp	(the	solid	fraction	remaining	after	 the	 treatment).	 Hence,	 treatment	 with	 2.0%	 w/w	 NaOH	 resulted	 in	 excessive	degradation	 leading	 to	 a	 loss	 of	 sugars	 available	 for	microorganisms	 to	 consume	 and	this	 was	 shown	 in	 the	 batch	 tests,	 resulting	 in	 a	 drop	 in	 methane	 yield.	 The	compositional	analyses	also	confirmed	a	large	loss	in	sugars	for	ground	samples	when	the	NaOH	concentration	was	increased	from	1	%	w/w	to	2.0%	w/w	showing	the	lowest	concentration	of	sugars	among	all	the	treated	samples	(Table	16).		
4.1.7 Post	BMP	reactor	characterisation		The	destruction	of	TS	and	VS,	as	well	as	COD	removal	are	measures	of	biodegradability	and	were	 used	 to	 assess	 the	 performance	 of	 the	 AD	 reactors	 during	 AD	 experimetns	carried	 out	 as	 part	 of	 this	 study.	 In	 industry	 and	 in	 the	 case	 of	 TS	 and	 VS,	 a	 higher	destruction	could	effectively	mean	less	management	of	solids	at	the	end	of	the	process.		As	 can	 be	 seen	 in	 the	 graph	 below	 (Figure	 14),	 the	 most	 obvious	 difference	 is	 that	observed	 for	 the	 effect	 of	 pretreatment	 and	 mechanical	 communition.	 Both	 TS	destruction	and	VS	destruction	 for	 reactors	 loaded	with	untreated	 sample	were	quite	low	 in	 contrast	 to	 reactors	 loaded	 with	 pretreated	 GW.	 For	 example,	 in	 GW	 ground	<10mm	 untreated	 the	 TS	 and	 VS	 destruction	 was	 21%	 and	 28%,	 respectively.	 In	contrast	 to	 this	 GW	 ground	 <10mm	 and	 pretreated	 with	 1.0%NaOH	 (highest	 biogas	
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yielding	conditions),	the	TS	and	%	destruction	is	as	high	as	35%	and	39%,	respectively.	When	looking	at	the	AD	of	the	unground	GW,	unground	untreated	had	a	30	and	36	TS	and	 VS	 destruction,	 respectively,	 while	 treated	 at	 1.0%	 NaOH	 had	 a	 TS	 and	 VS	destruction	 of	 45%	 and	 49%,	 respectively.	 It	 is	 important	 to	 note	 that	 unground	samples	were	 shown	 to	 have	 produced	 a	 higher	 VS	 destruction	 compared	 to	 ground	<10mm	samples	however	this	was	not	always	reflected	in	the	cumulative	methane	yield	obtained	 at	 the	 end	of	 the	digestion	period.	Therefore,	 it	 is	 possible	 that	 the	 samples	taken	for	post-digestion	analysis	were	not	a	representative	sample.			
	
Figure	14:	Reduction	in	%TS	and	%VS	in	BMP	of	AA	treated	GW		Ammonia	and	VFA/alkalinity	 ratio	are	used	 in	order	 to	assess	 the	health	of	a	 system.	Ammonia	 levels	 in	 a	 healthy	 system	 should	 be	 around	 200mg/L,	 with	 moderate	inhibition	 occurring	 at	 greater	 than	 1500mg/L	 and	 severe	 inhibition	 occurring	 at	greater	than	2000mg/L.	In	addition	to	this	the	VFA/alkalinity	ratio	should	be	less	than	0.4,	 with	 inhibition	 occurring	 at	 greater	 than	 0.8.	 As	 can	 be	 seen	 in	 Table	 18	 below,	while	all	reactors	were	not	at	a	healthy	level	which	is	to	be	expected	with	batch	tests,	they	 were	 not	 exhibiting	 inhibition	 as	 the	 concentrations	 of	 ammonia	 and	VFA/alkalinity	in	all	did	not	exceed	the	given	inhibition	concentrations.	
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Unground,	Untreated Unground,	0.5%NaOH Unground,	1.0%NaOH Unground,	2.0%NaOH <10mm,	Untreated <10mm,	0.5%NaOH <10mm,	1.0%NaOH <10mm,	2.0%NaOH
%TS	destruction %VS	destruction
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Table	18:	Post	digestion	characterisation	of	AA	treatment	BMP	
Conditions	 Ammonia(initial)	 Ammonia(final)	 VFA	
/Alk(initial)	
VFA	
/Alk(final)	Unground,	Untreated	 756	 1172	 0.119	 0.053	Unground,	0.5%NaOH,	121oC,	90min	 756	 1165	 0.119	 0.063	Unground,	1.0%NaOH,	121oC,	90min	 756	 2125	 0.119	 0.087	Unground,	2.0%NaOH,	121oC,	90min	 756	 1197	 0.119	 0.090	<10mm,	Untreated	 756	 1637	 0.119	 0.054	<10mm,	0.5%NaOH,	121oC,	90min	 756	 1052	 0.119	 0.031	<10mm,	1.0%NaOH,	121oC,	90min	 756	 1375	 0.119	 0.042	<10mm,	2.0%NaOH,	121oC,	90min	 756	 2385	 0.119	 0.047		
	
4.1.8 Sodium	Hydroxide	Inhibition	Tests	Inhibition	 Tests	 were	 conducted	 in	 order	 to	 determine	 whether	 NaOH	 will	 inhibit	biogas	 production	 and	 as	 seen	 in	 Figure	 15,	 the	 results	 showed	 that	 it	 was	 only	 at	2.0%NaOH	and	no	dilution	when	NaOH	caused	complete	 inhibition.	At	concentrations	lower	than	this,	or	with	more	dilution,	NaOH	had	little	effect	on	the	digestion	process.	The	 most	 obvious	 difference	 was	 observed	 at	 1.0%NaOH	 at	 100x	 dilution	 which	increased	biogas	yield	around	20L/kg	VS.	It	is	possible	that	the	presence	of	NaOH	in	the	system	 facilitated	 destruction	 of	 organic	matter,	which	 in	 turn	 became	 accessible	 for	microorganisms.	 Alternatively	 it	 may	 have	 increased	 the	 alkalinity	 in	 the	 AD	 reactor	which	 improved	 the	 environment	 for	 the	 AD	microorganisms	 and	 lead	 to	 	 enhanced	biogas	yield.				
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Figure	15:	Cumulative	methane	yield	of	AA	treatment	neutraslisation	tests	over	a	50-day	digestion	
period		For	all	other	concentrations	and	moderate	dilution,	there	was	no	observable	inhibition,	even	at	just	10x	dilution.	As	highlighted	in	Table	19,	it	was	only	at	2.0%	w/w	NaOH	at	no	dilatation	that	there	was	almost	complete	inhibition	of	biogas	production	with	only	14.3	L/kg	VS	of	biogas	produced.	The	result	of	 this	could	mean	that	GW	samples	may	not	 have	 to	 undergo	 such	 an	 extensive	 neutralisation	 step	 after	 undergoing	pretreatment,	one	drawback	of	this	specific	pretreatment	technology.					
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Table	19:	Average	cumulative	methane	yield	of	AA	treatment	neutralisation	tests	at	Day	50	
Reactor	Conditions	 Cumulative	biogas	yield	(L/kg	VS)	Seed	Blank	 51.3	0.5%NaOH,	no	dilution	 60.6	0.5%NaOH,	10x	dilution	 61.5	0.5%NaOH,	100x	dilution	 66.5	1.0%NaOH,	no	dilution	 53.9	1.0%NaOH,	10x	dilution	 71.8	1.0%NaOH,	100x	dilution	 73.3	2.0%NaOH,	no	dilution	 14.3	2.0%NaOH,	10x	dilution	 61.4	2.0%NaOH,	100x	dilution	 63.5	
	
		
4.2 	Phase	A:	GVL-Fractionation	Pretreatment	of	GW	&	BMP	The	two	main	impact	factors	investigated	within	this	part	of	the	study	were	treatment	temperature	(140°C	and	160°C)	and	GVL	concentration	(35%	and	50%	GVL).	The	time	of	heating	was	kept	constant	through	all	treatment	processes	with	a	treatment	period	of	45	minutes	was	used	for	all	conditions.		Response	variables	used	to	assess	the	success	of	the	two	treatment	include	33-day	cumulative	methane	yield	and	methane	production	rate	(BMP	test),	lignin	degradation	(NREL	analysis),	crystallinity	index	(FTIR	analysis),	and	pore	size	(SEM	analysis).				
4.2.1 Composition	of	materials	and	inoculum		Materials	 were	 characterised	 for	 TS	 and	 VS	 concentrations	 before	 and	 after	 GVL	treatment,	 and	 the	 results	 are	 shown	 in	Table	 20.	 The	GW	 samples	 treated	with	GVL	lead	to	significant	decrease	in	the	TS	and	VS	indicating	solubilisation	of	a	large	fraction	of	the	biomass.	The	fraction	of	VS/TS	was	significantly	reduced	from	95.0	in	untreated	GW	to	68.0	and	68.4	in	GW	treated	at	140°C	with	35%GVL	and	50%GVL,	respectively.	A	greater	 reduction	 to	53.3	and	57.6	when	GW	was	 treated	at	160°C	with	35%GVL	and	50%GVL,	respectively.					
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Table	20:	TS	and	VS	analysis	of	untreated	and	GVL-treated	GW	
Pretreatment	Conditions	 %TS	 %VS	Untreated	GW	<1mm	 91.13	 86.60	35%GVL,	140oC,	45min	 44.16	 30.03	35%GVL,	160oC,	45min	 42.94	 22.87	50%GVL,	140oC,	45min	 43.35	 29.65	50%GVL,	160oC,	45min	 39.77	 22.89			
Table	21:	Characterisation	of	seed	used	for	GVL	treated	GW	BMP	
Seed	(for	AA)	Parameter	 Value	for	GVL	seed	pH	 7.83	%TS	 3.15	%VS	 2.32	Density	(g/mL)	 0.9214	Total	COD	(mg/L)	 33300	Soluble	COD	(mg/L)	 3800	Total	Nitrogen	(mgTN/L)	 1550	Total	Phosphorous	(mgTP/L)	 682	Ammonia	(mgNH3-N/L)	 1250	Volatile	Acids	(mgCH3COOH/L)	 610	Alkalinity	(mgCaCO3/L)	 5700				
4.2.2 Cumulative	biogas	yield	Pretreatment	 via	 GVL-fractionation	 was	 conducted	 using	 2	 different	 temperatures	(140°C	 and	 160°C)	 and	 2	 different	 GVL	 concentrations	 (35%	 and	 50%	 GVL).	 The	cumulative	biogas	yield	was	obtained	after	 a	33-day	digestion	period,	 and	 the	 results	are	shown	below	in		Table	 22.	 It	 was	 found	 that	 the	 most	 severe	 treatment,	 using	 50%	 GVL	 at	 160°C	 for	45min,	resulted	in	the	highest	cumulative	biogas	yield	of	237.44L/kg	VS	corresponding	to	a	162.3%	increase	compared	to	that	for	untreated	GW.				
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Table	22:	Average	cumulative	biogas	yield	of	GVL-treated	GW	at	day	33	
Pretreatment		
Conditions	
Average	yield		
(L/kg	VS)	
Percentage	increase	from	
untreated	(L/kg	VS)	<1mm,	untreated	 90.53	±	5.59	 -	<1mm,	35%	GVL,	140°C	 177.36	±	5.82	 95.9%	<1mm,	35%	GVL,	160°C	 201.19	±	9.02	 122.2%	<1mm,	50%	GVL,	140°C	 178.29	±	9.11	 96.9%	<1mm,	50%	GVL,	160°C	 237.44	±	3.67	 162.3%	
±	Values	are	the	average	error	of	the	triplicates.	
	The	 results	 also	 showed	 that	 temperature	had	a	 greater	 impact	on	 cumulative	biogas	yield	rather	than	concentration	as	treatment	carried	out	at	either	35%	or	50%	GVL,	but	both	at	140°C,	resulted	in	almost	the	same	percentage	increase	in	cumulative	methane	yield,	 i.e.	 177.36L/kg	 VS	 and	 178.29L/kg	 VS,	 respectively.	 Increasing	 the	 treatment	temperature	however	by	only	20°C	from	140°C	to	160°C	caused	a	significant	increase	in	biogas	 production	 with	 a	 13.4%	 increase	 for	 samples	 treated	 with	 35%	 GVL	 and	 a	33.2%	increase	for	samples	treated	with	50%	GVL.			
4.2.3 Changes	in	structural	composition	NREL	analysis	was	used	to	assess	the	changes	in	lignin	and	carbohydrate	contents	both	before	and	after	treatment	and	the	results	are	summarised	in					
	
	Table	 23	below.	 In	all	 treated	samples	 there	was	a	decrease	 in	 lignin	content,	either	as	acid	 soluble	 lignin	 (ASL)	or	acid	 insoluble	 lignin	 (AIL),	with	 total	 lignin	concentration	calculated	as	the	sum	of	both	ASL	and	AIL.	However	only	GW	treated	with	35%GVL	at	160°C	showed	significant	changes	 to	AIL	and	ASL.	Glucan	was	 increased	 in	all	 treated	samples	suggesting	that	the	solubilisation	which	occurred	was	mainly	solubilisation	of	cellulose	and	hemicellulose.			
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Table	23:	Compositional	analyses	of	untreated	and	GVL	treated	GW.	Contents	of	lignin	and	
carbohydrates	were	calculated	as	%	of	dry	weight	
	
Pretreatment	
Conditions	
	
%	ASL	
	
%	AIL	
	
%	Glucan	
	
%	Xylan	
Untreated		 2.5	 20.7	 9.0	 1.9	<1mm,	35%	GVL,	140°C	 2.1	 22.3	 23.8	 8.5	<1mm,	35%	GVL,	160°C	 1.8	 13.3	 18.6	 3.4	<1mm,	50%	GVL,	140°C	 2.2	 20.3	 22.3	 9.6	<1mm,	50%	GVL,	160°C	 3.2	 21.0	 22.8	 7.0	
		
4.2.4 FTIR	Analysis	of	GVL-treated	Garden	Waste	Cellulose	 crystallinity	 before	 and	 after	 treatment	 for	 crystallinity	 index	 (CI,	A1430/A898)	 and	 total	 crystallinity	 index	 (TCI,	A1375/A2900)	were	 calculated	using	bandwidth	 allocations	 as	 described	 in	 Colom	et	 al.	 2003;	 Salehian	&	Karimi	 2013)	 as	described	about	in	section	3.1.5.	The	results	as	shown	in		Table	24	show	that	treatment	was	successful	in	decreasing	either	or	both	of	CI	and	TCI,	and	 achieved	 this	 reduction	 to	 different	 extents	 depending	 on	 the	 conditions	 of	treatment.	 Treatment	 caused	 a	 reduction	 in	 both	 CI	 and	 TCI	 when	 compared	 with	untreated	GW.			
	
Table	24:	Changes	in	crystallinity	index	in	GVL	treated	GW	
Pretreatment	Conditions	 Crystallinity	Index	
(A1430/A898)	
Total	Crystallinity	Index	
(A1375/A2900)	
<1mm,	Untreated	 0.4335	 1.6553	
<1mm,	35%GVL,	140C	 0.4159	 1.6501	
<1mm,	35%GVL,	160C	 0.3790	 1.3640	
<1mm,	50%GVL,	140C	 0.3743	 1.6688	
<1mm,	50%GVL,	160C	 0.4029	 1.6261		Samples	treated	with	35%	GVL	at	160°C	showed	the	greatest	reduction	in	both	CI	and	TCI	 with	 12.6%	 and	 17.6%	 respectively.	 This	 decrease	 in	 cellulose	 crystallinity	 is	reflected	in	the	results	obtained	during	the	BMP	tests	showing	an	enhanced	cumulative	
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methane	 yield	with	 an	 increase	by	122.2%,	 the	 second	highest	 value	 obtained	within	the	 investigation.	 The	 highest	 cumulative	 biogas	 yield	 however	 was	 achieved	 by	samples	 treated	 with	 50%	 GVL	 at	 160°C,	 although	 this	 sample	 showed	 the	 lowest	reduction	in	TCI	and	the	second	lowest	reduction	in	CI.	Therefore,	no	clear	relationship	could	be	established	between	cellulose	crystallinity	index	and	cumulative	biogas	yield.				
4.2.5 SEM	Analysis	of	GVL-pretreated	Garden	Waste	SEM	analysis	of	GVL	fractionated	GW	was	carried	out	the	same	way	as	AA	treated	GW,	however	as	seen	in	Figure	16	to	Figure	19,	the	results	were	seen	to	be	quite	different.	As	GVL	fractionation	is	carried	out	in	a	highly	pressurised	vessel	using	an	organic	solvent,	the	surface	of	the	material	look	very	different	to	that	of	GW	which	was	treated	using	AA.	While	AA	treatment	exposed	the	fibres	of	the	material	showing	lignin	solubilisation	and	removal,	 as	 well	 as	 the	 formation	 of	 many	 micropores	 and	 with	 increasing	concentration	 of	 NaOH	 large	 pore	 holes	 could	 be	 observed,	 GVL	 treatment	 caused	complete	disruption	of	the	surface	of	the	material	almost	giving	the	material	a	crumbled	look.		
	
Figure	16:	GW	ground	<1mm,	treated	with	
35%	GVL	at	140°C	
	
Figure	17:	GW	ground	<1mm,	treated	with	
35%	GVL	at	160°C		
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Figure	18:	GW	ground	<1mm,	treated	with		
50%	GVL	at	140°C	
	
Figure	19:	GW	ground	<1mm,	treated	with	
50%GVL	at	160°C	The	images	obtained	during	SEM	of	GVL	treated	waste	look	similar	to	those	achieved	in	a	 study	 conducted	 on	 yard	 waste	 where	 the	 material	 underwent	 	 sulphuric	 acid	treatment,	 resulting	 in	 the	 surface	 of	 material	 to	 become	 crumbled	 and	 fragmented	(Zhang	et	al.	2014).		
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4.3 	Phase	B:	Co-digestion	of	SFW	and	Victorian	GW		 Research	Question	One:	Is	there	an	ideal	co-digestion	ratio	of	OFMSW	and	GW	which	will	enhance	biogas	yield	and	biodegradability	rather	than	when	each	substrate	is	treated	individually?	
	
4.3.1 Composition	of	inoculum	and	feedstocks	Four	inoculum	samples	were	used	within	Phase	B	of	the	study	including	fresh	seed	F,	as	well	as	three	samples	which	were	acclimated	for	a	period	of	72	days	and	fed	with	three	separate	co-digestion	mixtures	(5%	GW,	10%	GW,	and	15%	GW).	While	seed	which	was	freshly	 collected	 from	 an	 anaerobic	 digester	 treating	 municipal	 wastewater	 had	 a	neutral	pH	of	7.74	(Table	25),	acclimating	seed	resulted	in	a	pH	increase	ranging	from	8.38	to	8.49	in	all	seed	types	as	shown	in	Table	26	.	Feed	materials	for	co-digestion	were	characterised	 for	TS	and	VS	 concentrations,	 as	well	 as	C/N	 ratios,	 and	 the	 results	 are	shown	in	Table	27.			
Table	25:	Characterisation	of	fresh	seed	used	in	Phase	B		
Parameter	 Seed	F:	Fresh	pH	 7.74	Density	(g/mL)	 0.961	%TS	 2.68	%VS	 1.98	Total	COD	(mg/L)	 18000	Soluble	COD	(mg/L)	 2900	Total	Nitrogen	(mgTN/L)	 1150	Total	Phosphorous	(mgTP/L)	 338	Ammonia	(mgNH3-N/L)	 840	Volatile	Acids	(mgCH3COOH/L)	 1460	Alkalinity	(mgCaCO3/L)	 2300			 	
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Table	26:	Characterisation	of	acclimated	seed	used	in	Phase	B		
Parameter	 Seed	C:	5%GW	
and	95%	SFW	
(C/N=22)	
Seed	D:	10%GW	
and	90%	SFW	
(C/N=27)	
Seed	E:	15%GW	
and	85%	SFW	
(C/N=31)	pH	 8.48	 8.49	 8.38	Density	(g/mL)	 0.902	 0.922	 0.928	%TS	 3.79	 3.91	 4.06	%VS	 2.87	 2.97	 3.09	Total	COD	(mg/L)	 37000	 27000	 24000	Soluble	COD	(mg/L)	 5000	 11000	 4000	Total	Nitrogen	(mgTN/L)	 1600	 1600	 2000	Total	Phosphorous	(mgTP/L)	 170	 190	 240	Ammonia	(mgNH3-N/L)	 1210	 1280	 1550	Volatile	Acids	(mgCH3COOH/L)	 4300	 3800	 1200	Alkalinity	(mgCaCO3/L)	 3500	 3450	 3600			
Table	27:	Characterisation	of	materials	used	in	Phase	B	
Parameter	 SFW	(0%	GW)	 5%	GW	 10%	GW	 15%	GW	 GW	%TS	 2.68	 3.79	 3.91	 4.06	 91.13	%VS	 1.98	 2.87	 2.97	 3.09	 86.60	C/N	 18.09	 22.71	 27.32	 31.94	 110.37		
4.3.2 Cumulative	methane	production	Anaerobic	 co-digestion	was	 carried	 out	 on	 different	 ratios	 of	 Victorian	 GW	 and	 SFW	over	a	34-day	digestion	period	at	mesophilic	conditions	running	alongside	a	seed	blank	as	 a	 control.	 All	 GW	 samples	 used	 within	 this	 set	 of	 co-digestion	 batch	 tests	 were	ground	<10mm	but	did	not	undergo	any	sort	of	chemical	pretreatment.			The	two	main	impact	factors	investigated	within	co-digestion	study	were	the	amount	of	GW	(0%,	5%,	10%,	15%,	and	100%	GW,	the	remaining	portion	supplemented	by	SFW)	used	 in	 the	substrate	mixture	and	the	effect	of	seed	type	(fresh	or	acclimatised	seed).	Constant	 factors	 used	 throughout	 the	 co-digestion	 process	 included	 the	 use	 of	 GW,	particle	size	reduction	of	GW	<10mm	and	mesophilic	conditions	(37°C)	along	with	S/I	ratio	of	1	(on	VS	basis)	 for	 the	BMP.	Response	variables	used	to	assess	 the	success	of	these	two	treatment	factors	include	cumulative	methane	yield	obtained	during	the	34-
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day	 long	digestion	period	(BMP	tests),	methane	production	rate	(BMP	test),	post	BMP	characterisation	(Hach	analysis).			Co-digestion	 of	 the	 two	 complementary	 wastes	 streams	 showed	 that	 cumulative	methane	yield	was	enhanced	at	the	end	of	the	digestion	period	when	compared	to	the	yield	of	 each	 substrate	when	 it	was	digested	 alone	 as	 a	 single-substrate.	The	 average	cumulative	methane	yield	at	the	end	of	the	digestion	period	for	each	of	the	co-digestion	conditions	is	summarised	above	in	Table	28.	The	highest	cumulative	methane	yield	was	achieved	by	co-digestion	mixture	15%	GW	using	acclimated	seed	E	with	a	final	value	of	375.12L/kg	VS.				
Table	28:	Average	cumulative	methane	yield	of	Phase	B	co-digestion	batch	at	Day	34	Co-digestion	conditions	 Average	methane	yield	using	
fresh	seed	F	
(L/kg	VS)	
Average	 methane	 yield	 using	
acclimated	seed	C,	D,	or	E	
(L/kg	VS)	0%	GW	 325.67	±	26.74	 -	100%	GW	 38.61	±	8.97	 -	5%	GW	 322.96	±	19.27	 304.92	±	16.98C	10%	GW	 373.41	±	28.08	 324.78	±	8.51D	15%	GW	 353.60	±	16.06	 375.12	±	26.66E	
±	Values	are	the	average	error	of	the	triplicates.			
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Figure	20:	Cumulative	methane	yield	of	Phase	B	co-digestion	over	a	34-day	digestion	period			Untreated	 GW	 which	 had	 undergone	 particle	 size	 reduction	 to	 <10mm	 obtained	 a	cumulative	methane	yield	of	38.61	L/kg	VS,	a	low	volume	very	typical	to	lignocellulosic	materials	especially	when	compared	to	its	co-substrate	SFW	(denoted	as	0%GW	within	this	study).	At	the	end	of	the	34-day	period	SFW	obtained	a	cumulative	methane	yield	of	325.67L/kg	VS,	a	value	almost	8	times	as	high	as	GW.		This	higher	yield	however	is	quite	characteristic	of	such	biodegradable	waste	material	containing	a	high	concentration	of	readily	 available	 organics	 with	 free	 acids	 requiring	 less	 work	 for	 the	 anaerobic	microorganisms,	 while	 lignocellulosic	 materials	 are	 composed	 of	 complex	carbohydrates	 and	 are	 therefore	 more	 difficult	 to	 breakdown.	 A	 plateau	 is	 observed	between	Day	2	and	12	in	Figure	21	for	all	reactors	containing	SFW	and	could	be	caused	by	 the	 seed	 which	 had	 not	 been	 acclimated	 with	 SFW.	 This	 plateau	 is	 much	 shorter	when	 acclimated	 seed	 is	 used	 as	 shown	 in	 Figure	 22.	 	 It	 is	 comparable	 to	 results	achieved	 in	 similar	 studies	of	OFMSW	and	GW	 (Brown	&	Li	2013;	Dong,	 Zhenhong	&	Yongming	2010;	Lin,	Ge	&	Li	2014;	Nielfa	et	al.	2015).	
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Figure	21:	Cumulative	methane	yield	of	Phase	B	reactors	using	fresh	seed	over	a	34-day	digestion	
period		Looking	 solely	 at	 reactors	 which	 used	 fresh	 seed	 F,	 all	 of	 the	 co-digestion	 mixtures	either	produced	equal	 to	or	more	 in	cumulative	methane	yield	than	each	of	 the	single	substrates	 of	 0%	 GW	 (i.e.	 100%	 SFW)	 and	 100%	 GW,	 when	 they	 were	 digested	individually.	Though	SFW	(or	OFMSW	or	FW)	is	often	digested	as	a	single	substrate	on	the	 industrial	 scale	 with	 much	 success,	 using	 a	 co-substrate	 such	 as	 15%	 GW	 to	supplement	the	feed	resulted	in	an	8.58%	increase	when	comparing	its	cumulative	yield	(353.60L/kg	 VS)	 with	 that	 of	 SFW	 alone	 (325.67L/kg	 VS).	 Furthermore	 the	 use	 of	acclimated	seed	for	15%	GW	results	in	an	even	greater	enhanced	methane	yield	with	a	value	 of	 375.12L/kg	 VS	 corresponding	 to	 a	 15.18%	 increase	 in	 yield	 as	 well	 as	 the	highest	yield	obtained	within	this	part	of	the	study.				
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Figure	22:	Cumulative	methane	yield	of	Phase	B	reactors	over	a	34-day	digestion	period,	
comparing	the	role	fresh	and	acclimated	seed		The	use	of	acclimated	seed	did	not	in	all	cases	however	enhance	yield	though	achieved	very	 similar	 results	 at	 the	 end	 of	 the	 34-day	 digestion	 period.	 Using	 co-digestion	mixture	5%	GW,	the	use	of	acclimated	seed	C	actually	lowered	the	volume	of	methane	yield	 from	 322.96L/kg	 VS	 to	 304.92L/kg	 VS,	 resulting	 in	 a	 5.59%	 reduction	 in	 total	yield.	This	trend	was	the	same	in	the	case	of	co-digestion	mixture	10%	GW,	where	the	use	of	acclimated	seed	D	caused	a	drop	in	yield	from	373.41L/kg	VS	to	324.78L/kg	VS	corresponding	to	a	13.02%	reduction	in	cumulative	methane	yield.	However,	this	trend	was	 reversed	 for	 co-digestion	mixture	 15%	GW	where	 the	 cumulative	methane	 yield	actually	 increased	 from	 353.60L/kg	 VS	 to	 375.12L/kg	 VS	 corresponding	 to	 a	 6.09%	increase	in	yield.			
4.3.3 Daily	methane	yield	It	 is	 characteristic	 of	 most	 batch	 tests	 to	 have	 a	 dual	 peak	 trend	 that	 can	 be	 seen	occuring	in	all	of	the	curves	as	the	first	peak	corresponds	to	the	consumption	of	readily	
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available	organics	that	the	microorganisms	easily	consume.	After	this	first	peak	we	can	see	that	biogas	production	rapidly	drops	to	a	daily	rate	no	greater	than	10L/kg	VS/day	for	 all	 reactors	 which	 can	 also	 be	 called	 a	 lag	 phase	 where	microorganisms	 then	 be	adapted	to	work	on	the	more	complex	organics.	The	second	peak	then	occurs	when	the	microorganisms	 have	 again	 hydrolysed	 a	 large	 amount	 of	 organics	 and	 the	methanogens	begin	rapidly	producing	biogas.					
	
Figure	23:	Profile	of	daily	methane	yield	for	Phase	B	co-digestion	over	a	34-day	digestion	period			The	daily	methane	yield	production	using	fresh	is	shown	in	Figure	24.	The	production	rate	towards	the	beginning	of	digestion	reflected	the	results	of	the	cumulative	methane	production	 showing	 the	 highest	 production	 rates	 overall	 obtained	 by	 co-digestion	mixture	of	10%	GW	with	a	primary	production	rate	of	74.34L/kg	VS/day	and	a	second	production	 rate	 of	 34.69L/kg	 VS.	 It	 was	 observed	 that	 only	 reactors	 containing	 SFW	
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exhibited	a	first	peak	while	the	reactors	containing	only	pure	GW	produced	methane	at	a	 slow	 but	 consistent	 rate.	 As	 SFW	 has	 a	 higher	 concentration	 of	 readily	 digestible	materials,	 it	 is	probable	that	the	first	 initial	peak	observed	within	the	first	2	days	was	caused	by	the	hydrolysis	of	these	readily	digestible	materials.		
	
Figure	24:	Profile	of	daily	methane	yield	for	Phase	B	reactors	using	fresh	seed	over	a	34-day	
digestion	period		When	 looking	at	 the	effect	of	of	acclimated	seed,	 the	role	of	acclimatising	seed	within	this	 study	 was	 to	 mimic	 the	 processs	 which	 would	 occur	 in	 real	 industry.	 As	 the	inoculum	 which	 is	 collected	 here	 within	 Victoria	 is	 sourced	 from	 Melton	 Water	Recycling	 Facility,	 the	 anaerobic	 digester	 located	 there	 treats	 municipal	 wastewater.	Therefore	 the	 inoculum	 sourced	 from	 such	 a	 facility	 has	 low	 TS	 concentation	 and	furthermore	contains	mostly	microorganisms	which	are	used	to	treating	organics	found	in	 municipal	 wastewater	 but	 not	 necessarily	 other	 organics	 found	 in	 other	 waste	streams	 such	 as	 OFMSW	 or	 SFW.	 Figure	 23	 compares	 the	 role	 of	 seed	 types	 and	 it	clearly	shows	the	digestion	rate	in	the	reactors	which	used	acclimatised	seed	as	having	much	more	rapid	digestion	rates	with	 the	second	peak	occuring	much	earlier	 than	 its	
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fresh	 seed	 counterparts.	 When	 the	 second	 peak	 for	 the	 reactors	 operating	 with	acclimated	 seed	 are	 compared	 to	 those	 using	 fresh	 seed,	 there	 is	 a	 clear	 shift	 of	 the	acclimated	seed	curves	as	they	occur	much	earlier	around	Day	10	to	12	in	contrast	to	fresh	seed	curves	which	occur	around	Day	18	to	20.		As	can	be	seen	in	Table	29,	the	use	of	acclimated	seed	again	outlines	the	earlier	second	peak	production	rate	occuring	almost	a	week	earlier	than	its	fresh	seed	counter	parts.	Even	though	the	rate	itself	a	much	lower,	it	continues	to	produce	at	this	rate	for	a	longer	period	of	days	as	 seen	 in	 the	graphical	 representation	 (the	peaks	 for	 acclimated	 seed	are	 wider).	 For	 example	 with	 the	 reactors	 fed	 with	 co-digestion	 mixture	 of	 5%	 GW,	while	 the	 use	 of	 fresh	 seed	 results	 in	 a	 second	 peak	 production	 rate	 of	 33.84	 L/kg	VS/day	 occuring	 on	 Day	 18,	 the	 production	 rate	 of	 its	 acclimated	 seed	 counterpart	occurs	six	days	earlier	on	Day	12	with	a	production	rate	of	23.06	L/kg	VS/day.			
Table	29:	Peak	methane	production	rates	for	Phase	B	co-digestion	
Pretreatment	Conditions		 Second	 peak	 production	 rate	
(L/kg	VS)	
Occurred	on	Day	
Fresh	seed	F,	5%	GW		 33.84	 18	
Fresh	seed	F,	10%	GW	 34.69	 18	
Fresh	seed	G,	15%	GW	 24.33	 17	
Acclimated	seed	C,	5%	GW	 23.06	 12	
Acclimated	seed	D,	10%	GW	 25.40	 11	
Acclimated	seed	E,	15%	GW	 17.17	 11		On	 an	 industrial	 scale	 this	 would	 be	 much	 more	 realistic	 and	 beneficial	 as	 the	microorganisms	 would	 be	 more	 accustomed	 to	 the	 feed	 stock	 and	 shorter	 retention	times	can	be	applied	with	the	industrial	production	process.	It	is	known	that	changing	the	feed	into	a	digester	is	beneficial	to	a	system	in	the	long	term	operation	of	a	digester	as	the	microbial	system	becomes	familiar	with	a	wider	range	of	substrates	and	becomes	more	 robust,	 able	 to	 deal	 with	 a	 large	 range	 of	 feedstock	 and	 digesting	 them	 more	efficiently.				
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4.3.4 Post	BMP	Reactor	Characterisation		Percentage	destruction	of	TS	and	VS	are	measures	of	biodegradability	used	within	this	study	 and	 within	 industry,	 where	 a	 higher	 destruction	 may	 effectively	 mean	 less	management	of	solids	during	the	end	processes.		As	can	be	seen	in	Figure	25,	the	most	obvious	difference	is	that	observed	between	the	use	of	fresh	seed	and	acclimated	seed.	Both	%TS	destruction	and	%VS	destruction	for	fresh	seed	reactors	with	feed	mixtures	were	 quite	 low	 in	 contrast	 to	 their	 acclimated	 seed	 counterparts.	 For	 example,	 with	fresh	seed	and	 feed	mixture	C/N	=	27,	 the	TS	and	VS	destruction	 is	at	33%	and	37%,	respectively.	In	contrast	to	this	acclimated	seed	and	feed	mixture	C/N=27,	the	TS	and	VS	destruction	 is	 as	 high	 as	 61%	 and	 69%,	 respectively.	 It	 is	 possible	 that	 the	microorganisms	within	 the	 acclimated	 seed	 have	 become	 used	 to	 degrading	 the	 feed	materials	 (GW	 and	 SFW)	 as	 opposed	 to	 the	 fresh	 seed	 which	 was	 obtained	 from	 a	digester	treating	municipal	wastewater.	However,	when	comparing	the	VS	destruction	to	 the	 cumulative	 methane	 yields	 achieved	 for	 each	 of	 the	 samples,	 there	 is	 no	observable	trend	where	a	higher	destruction	corresponded	to	a	higher	methane	yield.	Therefore,	it	is	possible	that	the	samples	taken	during	the	post	digestion	analysis	were	not	representative	samples.	This	case	is	similar	to	that	for	the	post-digestion	analysis	of	the	 AA	 treated	 GW,	 where	 unground	 GW	 samples	 were	 shown	 to	 have	 higher	 VS	destruction	 however	 the	 greater	 destruction	 was	 not	 reflected	 in	 the	 cumulative	methane	yield	indicating	that	there	is	an	issue	of	unrepresentative	sampling.		
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Figure	25:	Reduction	in	%TS	and	%VS	in	BMP	of	Phase	B	co-digestion		Ammonia	 and	 the	 ratio	 of	 VFA-to-alkalinity	 are	 commonly	 determined	 to	 assess	digester	 health.	 A	 healthy	 digester	 should	 have	 an	 ammonia	 concentration	 around	200mg/L,	 where	 moderate	 inhibition	 will	 occur	 at	 concentrations	 of	 1500mg/L	 and	severe	 inhibition	 occurring	 at	 concentrations	 greater	 than	 2000mg/L.	 Furthermore	 a	healthy	system	will	have	a	VFA/alkalinity	ratio	 less	than	0.4,	with	a	ratio	greater	than	0.8	indicating	inhibition.	As	can	be	seen	in	the	Table	37	below,	while	all	reactors	were	not	 at	 a	 healthy	 level	 which	 is	 to	 be	 expected	with	 batch	 tests	 using	 GW	 as	 a	 single	substrate,	 they	were	 not	 exhibiting	 inhibition	 as	 the	 concentrations	 of	 ammonia	 and	VFA/alkalinity	in	all	did	not	exceed	the	given	inhibition	concentrations.			 	
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Table	30:	Post	digestion	characterisation	of	AA	treatment	Phase	B	batch	co-digestion	BMP	
Conditions	
Seed,	Feed	
pH(initial)	 pH(final)	 Ammonia(initial)	
(mg/L)	
Ammonia(final)	
(mg/L)	
VFA	
/Alk(initial)	
VFA	
/Alk(final)	Fresh	Seed,		0%	GW	 7.48	 7.29	 677	 1,025	 0.27	 0.15	Fresh	Seed,		5%	GW	 7.69	 7.20	 676	 1,073	 0.27	 0.16	Fresh	Seed,		10%	GW	 7.59	 7.36	 676	 1,015	 0.27	 0.17	Fresh	Seed,		15%	GW	 7.64	 7.32	 676	 915	 0.27	 0.13	Fresh	Seed,	100%	GW	 7.53	 7.36	 672	 627	 0.25	 0.04	Acclimated	Seed	C,	5%	GW	 7.48	 7.40	 974	 1,005	 0.51	 0.07	Acclimated	Seed	D,	10%	GW	 8.33	 7.45	 1,245	 1,085	 0.15	 0.08	Acclimated	Seed	E,	15%	GW	 8.32	 7.44	 1,029	 1,018	 0.44	 0.06			 	
	96		
4.4 Phase	C:	Co-digestion	of	SFW	and	Swedish	GW		 Research	Question	Four:	To	what	extent	does	pretreatment	of	GW	enhance	biogas	yield	when	co-digested	with	OFMSW?	To	what	extent	do	other	factors	such	as	total	solids	loading,	S/I	ratio,	and	temperature	have	an	effect	on	the	co-digestion	of	SFW	and	GW?		Phase	 C	 of	 the	 work	 was	 carried	 out	 in	 order	 to	 answer	 Research	 Question	 4	 with	experiments	 conducted	 at	 the	 University	 of	 Borås,	 Sweden,	 and	 comprised	 of	 four	different	sets	of	batch	AD	assays	exploring	the	effect	of	different	factors.	There	were	a	number	of	 factors	 investigated	within	 this	 study	 including	TSL,	 temperature,	S/I	 ratio	and	 the	 concentration	 of	GW	present	 in	 the	 co-digestion	mixture.	 The	main	 response	variables	 used	 to	 assess	 the	 effect	 of	 these	 two	 treatment	 factors	 include	 39-day	cumulative	methane	yield	and	75-day	cumulative	methane	yield	under	mesophilic	and	psychrophilic	conditions,	respectively,	as	well	as	VS	reduction	in	all	BMP	tests.				
4.4.1 Composition	of	inoculum	and	feedstocks	Effluent	obtained	from	an	experimental	digester	operating	at	room	temperature	bedded	with	 solid	manure	 and	 straw	within	 a	 textile	 reactor	was	 used	within	Phase	C	 of	 the	study.	For	reactors	operating	at	psychrophilic	conditions	at	low	TSL,	the	inoculum	was	used	as	is	and	had	TS	and	VS	contents	of	8.40%	and	5.70%,	respectively,	as	shown	in			Table	31.	Centrifugation	was	used	in	order	to	increase	the	TS	contents	to	achieve	semi-dry	conditions,	and	TS	and	VS	increased	to	13.20%	and	10.13%,	respectively.			
Table	31:	Characterisation	of	materials	used	in	Phase	C	co-digestion	BMP	
Material	 %TS	 %VS	 pH	 NH3-N,	
mg/L	
VFA,		
g/L	SFW	 34.09	 32.87	 5.08	 81	 4.405	Untreated	GW	 94.62	 92.60	 -	 -	 -	Treated	GW,	1.0%	w/w	NaOH	 30.11	 29.53	 -	 -	 -	Inoculum:	Room	temp,	Low	TSL	 8.40	 5.70	 8.15	 2075	 0.003	
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Inoculum:	Room	temp,	High	TSL	 13.20	 10.13	 8.15	 2075	 0.003	Inoculum:	Mesophilic,	Low	TSL	 7.61	 5.13	 8.39	 2225	 0.003	Inoculum:	Mesophilic,	High	TSL	 10.94	 7.55	 8.39	 2225	 0.003		For	 reactors	 which	 were	 operated	 at	 mesophilic	 conditions,	 inoculum	 was	 obtained	from	 the	 experimental	 digester	 and	 incubated	 at	 37°C	 for	 7	 days	 before	 used	 in	 the	BMP.	 As	 a	 result	 of	 heating,	 the	 %TS	 and	 %VS	 concentrations	 of	 the	 inoculum	 was	reduced	from	the	8.40%	and	5.70%,	to	7.61%	and	5.13%,	respectively.	 	Centrifugation	was	 again	 used	 to	 increase	 these	 contents	 in	 order	 to	 achieve	 semi-dry	 conditions	within	the	BMP,	TS	and	VS	contents	were	increased	to	10.94%	and	7.55%,	respectively.			
4.4.2 An	overview	of	the	conditions	Phase	C	co-digestion	of	SFW	with	Swedish	GW	can	be	divided	 into	 four	main	batches;	psychrophilic	 temperatures	with	 low	 TSL,	 psychrophilic	 temperatures	with	 high	 TSL,	mesophilic	 temperatures	 with	 low	 TSL,	 and	 mesophilic	 temperatures	 with	 high	 TSL.	The	following	section	outlines	the	trends	which	were	observed	within	each	batch	test.	During	 the	AD	of	 lignocellulosic	materials	 such	 as	GW,	microorganisms	 are	 slower	 to	break	 down	 the	 complex	 solid	material	 and	 thus	 have	 a	 slower	 digestion	 rate.	When	compared	 to	 the	 conventional	 AD	 digestion	 periods	 at	 mesophilic	 conditions,	 longer	digestion	 periods	 are	 required	 for	 GW	 and	 therefore,	 a	 39	 day	 digestion	 period	was	chosen.	 However,	 at	 psychrophilic	 conditions,	 this	 digestion	 rate	 is	 again	 slower	 as	higher	temperatures	facilitate	more	rapid	digestion,	therefore	a	longer	digestion	period	of	75	days	was	chosen.		
4.4.2.1. Psychrophilic	conditions,	Low	TSL	The	TSL	in	the	reactors	 is	outlined	below	in	Table	32	and	shows	TSL	to	 increase	with	increasing	S/I	 ratio,	 ranging	 from	a	minimum	TSL	of	10.45%TS	to	a	maximum	TSL	of	16.98%	TS.	It	is	important	to	note	that	the	mixtures	within	the	reactors	were	quite	dry	and	required	 thorough	shaking	 in	order	 to	mix	 the	contents	around	within	 the	serum	bottles.	
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Table	32:	TS	contents	in	reactors	operating	at	psychrophilic	conditions	and	low	TSL	
Co-digestion	conditions	 S/I	=	0.5	 S/I	=	1.0	 S/I	=	2.0	
0%	GW	 10.45	±	0.00	 12.20	±	0.00	 15.02	±	0.00	
15%	GW	 10.54	±	0.00	 12.40	±	0.00	 15.46	±	0.00	
30%	GW	 10.61	±	0.00	 12.56	±	0.00	 15.84	±	0.00	
100%	GW	 10.82	±	0.00	 13.05	±	0.00	 16.98	±	0.00	
±	Values	are	the	average	error	of	the	triplicates.		Reactors	 operated	 at	 low	 TSL	 and	 room	 temperatures	 showed	 slow	 but	 steady	 gas	production	 with	 a	 very	 long	 lag	 phase	 which	 ran	 for	 30	 days	 before	 gas	 production	began	to	 increase.	While	 for	 the	 first	30	days	 it	appeared	that	0%	GW	i.e.	100%	SFW,	was	the	highest	producer,	it	can	be	seen	that	this	trend	is	reversed	after	the	first	two-week	 period.	 At	 around	 day	 30,	 SFW	 as	 a	 single	 substrate	 begins	 to	 slow	 down	 and	reactors	loaded	with	varying	loads	of	GW	continued	to	increase.	The	biogas	production	from	 the	 co-digestion	 mixture	 of	 30%	 GW	 continued	 to	 increase	 at	 a	 steady	 rate	achieving	a	 cumulative	methane	yield	of	243.83L/kg	VS,	which	 is	a	139.96%	 increase	when	compared	to	0%	GW	and	an	172.74%	increase	when	compared	to	100%	GW.		
	
Table	33:	Average	cumulative	methane	yield	of	low	TSL	co-digestion	at	psychrophilic	conditions	at	
Day	75	
Co-digestion	conditions	 S/I	=	0.5	 S/I	=	1.0	 S/I	=	2.0	
0%	GW	 139.96	±	18.19	 11.84	±	4.15	 2.71	±	0.51	
15%	GW	 220.84	±	29.20	 19.65	±	1.70	 2.81	±	0.86	
30%	GW	 243.83	±	7.09	 20.43	±	3.20	 3.95	±	0.37	
100%	GW	 89.14	±	23.68	 57.79	±	5.03	 22.64	±	1.89	
±	Values	are	the	average	error	of	the	triplicates.	
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Figure	26:	Cumulative	methane	yield	at	psychrophilic	conditions,	low	TSL,	and	S/I	=	0.5	at	Day	75		But	 increasing	 the	 S/I	 ratio	 showed	 severely	 negative	 effects	 on	methane	 production	and	 cumulative	yield	of	 all	 reactors.	While	 all	 reactors	 containing	mixtures	 (15%	and	30%	 GW)	 or	 SFW	 (0%	 GW)	 showed	 complete	 inhibition	 within	 the	 first	 2	 weeks	 of	digestion,	 100%	 GW	 still	 continued	 to	 produce	methane	 however	 at	 a	 low	 rate.	 The	overall	cumulative	methane	yields	for	each	reactor	are	shown	in		Table	33,	and	show	that	mixtures	containing	SFW	did	not	exceed	a	final	yield	of	around	20L/kg	 VS	 over	 the	 entire	 digestion	 period.	 The	 100%	 GW	 however,	 which	 still	continued	to	produce	gas,	achieved	a	final	cumulative	yield	of	57.79L/kg	VS,	35%	less	than	its	counterpart	operating	at	an	S/I	ratio	of	0.5.	Reactors	loaded	with	0%	GW	and	co-digestion	 mixtures	 of	 15%	 and	 30%	 GW	 all	 experienced	 significant	 reduction	 in	biogas	 production	 due	 to	 inhibition,	 and	 had	 final	 yields	 91%	 lower	 than	 their	counterparts	operating	at	S/I	of	0.5.			Similar	 trends	were	 expected	 and	observed	when	 the	 S/I	was	 again	 increased	 to	 2.0,	with	severe	inhibition	occurring	even	earlier	from	Day	3.	Again	100%	GW	was	the	only	condition	which	continued	to	produce	gas	throughout	the	entire	digestion	period	but	at	a	 lower	rate	to	other	 investigated	S/I	ratios.	At	an	S/I	ratio	of	2.0,	reactors	containing	
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either	mixtures	containing	SFW	or	pure	SFW	did	not	exceed	a	final	cumulative	methane	yield	of	4L/kg	VS	and	100%	GW	achieved	a	 final	 cumulative	yield	of	22.64L/kg	VS,	 a	decrease	of	74.6%	and	60.8%	when	compared	to	S/I	ratios	of	0.5	and	1.0,	respectively.	This	 trend	 of	 overloading	 and	 inhibition	 occurring	 in	 reactors	 containing	 SFW,	while	reactors	containing	only	GW	continue	to	produce	methane,	is	complimentary	to	results	obtained	during	the	dry	co-digestion	of	GW	and	GW	in	Brown	and	Li	(2013).	Within	this	study,	GW	was	the	main	substrate	and	methane	yield	was	shown	to	be	increasing	with	increasing	S/I	ratio	(Brown	&	Li	2013).		
	
Figure	27:	Cumulative	methane	yield	at	psychrophilic	conditions,	low	TSL,	and	S/I	=	1.0	at	Day	75		
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Figure	28:	Cumulative	methane	yield	at	psychrophilic	conditions,	low	TSL,	and	S/I	=	2.0	at	Day	75			
4.4.2.2. Psychrophilic	conditions,	High	TSL	When	the	same	co-digestion	mixtures	and	S/I	ratios	were	applied	in	the	second	batch	test	however	with	the	use	of	high	TSL	inoculum	the	TSL	in	the	reactors	also	increased,	ranging	from	a	minimum	TSL	of	16%	TS	to	a	maximum	TSL	of	25.63%	TS.	The	contents	within	the	serum	bottles	at	this	high	TS	concentration	were	almost	solid	state	and	fall	under	the	classification	of	dry	anaerobic	digestion	and	hence	required	vigorous	shaking	in	order	to	mix	the	contents.				
Table	34:	TS	contents	in	reactors	operating	at	psychrophilic	conditions	and	high	TSL	
Co-digestion	conditions	 S/I	=	0.5	 S/I	=	1.0	 S/I	=	2.0	
0%	GW	 15.99	±	0.00	 18.12	±	0.00	 21.16	±	0.00	
15%	GW	 16.23	±	0.00	 18.62	±	0.00	 22.13	±	0.00	
30%	GW	 16.43	±	0.00	 19.03	±	0.00	 22.95	±	0.00	
100%	GW	 17.01	±	0.00	 20.28	±	0.00	 25.63	±	0.00	
±	Values	are	the	average	error	of	the	triplicates.		
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When	comparing	the	cumulative	methane	yield	of	the	reactors	operating	at	psychrophilic	conditions	and	high	TSL,	to	their	low	TSL	counterpart,	the	high	TSL	reactors	produced	much	less	methane	as	shown	in	Table	35.	However,	even	at	high	TSL	the	co-digestion	of	GW	with	SFW	still	enhanced	methane	yields	when	compared	to	GW	or	SFW	treated	as	single	substrates.	The	addition	of	15%	GW	showed	a	49.11%	increase	in	methane	yield,	while	the	addition	of	30%	GW	62.15%	increase	when	compared	to	SFW	treated	alone.	In	contrast	to	the	reactors	operating	at	low	TSL,	100%	GW	produced	higher	cumulative	methane	yields	than	0%	GW	when	operating	at	high	TSL.			
Table	35:	Average	cumulative	methane	yield	of	high	TSL	co-digestion	at	psychrophilic	conditions	
at	Day	75	
Co-digestion	conditions	 S/I	=	0.5		 S/I	=	1.0	 S/I	=	2.0	0%	GW	 36.04	±	1.61	 2.61	±	1.72	 0.44	±	0.28	15%	GW	 53.74	±	12.74	 10.05	±	1.37	 3.37	±	1.24	30%	GW	 58.44	±	1.84	 9.89	±	1.43	 2.77	±	1.34	100%	GW	 47.39	±	6.39	 31.89	±	10.31	 8.11	±	0.94	
±	Values	are	the	average	error	of	the	triplicates.		
	
Figure	29:	Cumulative	methane	yield	at	psychrophilic	conditions,	high	TSL,	and	S/I	=	0.5	at	Day	75		
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Figure	30:	Cumulative	methane	yield	at	psychrophilic	conditions,	high	TSL,	and	S/I	=	1.0	at	Day	75		
	
Figure	31:	Cumulative	methane	yield	at	psychrophilic	conditions,	high	TSL,	and	S/I	=	2.0	at	Day	75			Figure	29,	Figure	30,	and	Figure	31	show	the	various	methane	production	profiles	with	increasing	 S/I	 ratios	 of	 0.5,	 1.0,	 and	 2.0,	 respectively.	 For	 all	 figures,	 while	 a	 steady	
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production	appears	to	take	place	over	the	first	5	days	of	digestion,	there	is	soon	a	very	extended	lag	phase.	In	the	case	of	reactors	operating	at	S/I	ratio	of	1.0	or	2.0,	this	lag	is	clear	 inhibition	 as	 production	 ceases	 at	 this	 stage	 suggesting	 clear	 overloading.	However,	 for	 reactors	 operating	 at	 S/I	 of	 0.5	 or	 containing	 100%	 GW,	 the	 lag	 phase	extended	for	a	55-	day	period	until	methane	production	again	begins	at	Day	65.			
4.4.2.3. Mesophilic	conditions,	Low	TSL		At	mesophilic	conditions	and	low	TSL,	all	reactors	were	operated	at	a	fixed	S/I	ratio	of	0.5	and	a	TS	concentration	of	7.0%	TS.	As	expected,	mesophilic	temperatures	caused	a	much	more	rapid	digestion	rate	facilitating	faster	production	of	methane,	with	reactors	achieving	approximately	the	same	final	cumulative	methane	yield	in	half	the	digestion	time.	 The	 use	 of	 AA	 pretreatment	 was	 also	 explored	 using	 the	 ideal	 treatment	conditions	found	in	previous	Phase	A	to	enhance	methane	yield,	alkaline-autoclaving	of	GW	 at	 121°C	 for	 90min	 using	 1.0%	 NaOH,	 and	 used	 this	 in	 conjunction	 with	 co-digestion	 techniques.	 The	 results	 for	 cumulative	 methane	 yield	 showed	 that	 co-digestion	had	a	greater	effect	on	the	yield	rather	than	treatment,	and	that	AA	treatment	of	 Swedish	 GW	 actually	 caused	 a	 negative	 effect	 on	 cumulative	methane	 yield	with	 a	final	value	of	72.07L	CH4/kg	VS,	a	27.17%	drop	in	final	methane	yield	when	compared	to	untreated	 (UT)	GW.	 	As	 seen	below	 in	Figure	32,	 at	 the	beginning	of	 the	digestion	period	reactors	containing	untreated	GW	and	AA	treated	GW	showed	similar	methane	production	profiles	but	around	Day	6,	the	production	in	reactors	containing	AA	treated	GW	begins	to	slow	down.	In	the	case	of	100%	AA	GW	it	ceases	almost	completely.				
Table	36:	Average	cumulative	methane	yield	of	low	TSL	co-digestion	at	mesophilic	conditions	at	
Day	39	
Co-digestion	conditions	 Average	cumulative	methane	yield	
(L/kg	VS)	0%	GW	 250.49	±	16.12	15%	UT	GW	 181.12	±	85.14	100%	UT	GW	 98.96	±	12.77	15%	AA	GW	 147.42	±	28.50	30%	AA	GW	 189.88	±	56.49	100%	AA	GW	 72.07	±	19.59	
±	Values	are	the	average	error	of	the	triplicates.	
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Figure	32:	Cumulative	methane	yield	at	mesophilic	conditions,	low	TSL,	and	S/I	=	0.5	at	Day	39		
	
Figure	33:	Cumulative	methane	yield	at	mesophilic	conditions,	low	TSL,	and	S/I	=	0.5	at	Day	39		
4.4.2.4. Mesophilic	conditions,	High	TSL	At	mesophilic	conditions	and	high	TSL,	all	reactors	were	operated	at	a	fixed	S/I	ratio	of	0.5	 and	 a	 TS	 concentration	 of	 13.0%.	 Similar	 to	 the	 results	 obtained	 with	 reactors	
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operating	 at	 psychrophilic	 conditions,	 reactors	 operating	 at	 high	 TSL	 showed	 overall	markedly	 lower	cumulative	methane	yields.	While	0%	GW	at	mesophilic	and	 low	TSL	obtained	a	 final	methane	yield	of	 250.49L	CH4/kg	VS,	 0%	GW	at	mesophilic	 and	high	TSL	showed	a	72.10%	drop	with	a	 final	methane	yield	of	 	69.88L	CH4/kg	VS.	Again	as	with	the	low	TSL	reactors	at	mesophilic	temperatures,	 the	use	of	AA	treatment	 in	this	case	did	not	improve	the	cumulative	methane	yield,	but	instead	cause	negative	effects.	In	 contrast	 to	 the	 low	 TSL	 batch,	 despite	 all	 reactors	 operating	 at	 an	 S/I	 of	 0.5	 and	minimising	 potential	 overloading,	 there	 is	 still	 severe	 inhibition	 in	 the	 reactors	 as	methane	production	ceased	completely	by	Day	10	of	the	digestion	period.		
	
Table	37:	Average	cumulative	methane	yield	of	high	TSL	co-digestion	at	mesophilic	conditions	at	
Day	39	
Co-digestion	conditions	 Average	cumulative	methane	yield	
(L/kg	VS)	
0%	GW	 69.88	±	1.11	
15%	UT	GW	 66.41	±	8.67	
100%	UT	GW	 29.51	±	0.55	
15%	AA	GW	 52.62	±	8.91	
30%	AA	GW	 56.89	±	16.08	
100%	AA	GW	 43.72	±	18.23	
±	Values	are	the	average	error	of	the	triplicates.	
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Figure	34:	Cumulative	methane	yield	at	mesophilic	conditions,	high	TSL,	and	S/I	=	0.5	at	Day	39	
		
	
Figure	35:	Cumulative	methane	yield	at	mesophilic	conditions,	high	TSL,	and	S/I	=	0.5	at	Day	39		
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4.4.3 Comparing	the	effect	of	pretreatment	The	effect	of	pretreatment	on	co-digestion	of	GW	and	SFW	was	compared	and	results	shown	below	were	taken	from	the	batch	tests	operated	at	mesophilic	conditions	and	at	the	 lower	 TSL	 of	 9%	 across	 all	 reactors.	 As	 shown	 in	 Figure	 36,	 AA	 treatment	 had	negative	 impact	 on	 the	 co-digestion	 of	 GW	 with	 SFW.	 Looking	 at	 the	 results	 of	 co-digestion,	while	15%	untreated	GW	mixed	with	85%	SFW	produced	a	final	cumulative	methane	 yield	 of	 183.43L/kg	 VS,	 using	 the	 same	 co-digestion	 ratio	 but	 instead	 using	pretreated	 GW	 actually	 resulted	 in	 a	 decrease	 with	 a	 cumulative	 methane	 yield	 of	145.85L/kg	VS	corresponding	to	a	20%	drop	in	production.			
	
Figure	36:	Cumulative	methane	yield	at	mesophilic	conditions	and	low	TSL		Co-digesting	 the	 two	together,	SFW	and	GW,	produced	more	yield	 than	 if	 the	GW	was	digested	as	a	single	substrate	with	final	yields	of	112.03L/kg	VS	and	60.59L/kg	VS	for	untreated	 and	 treated	 GW,	 respectively.	 In	 this	 instance	 again,	 using	 a	 pretreatment	provided	no	 improvement	 in	yield	but	 instead	 just	had	a	negative	 impact	on	methane	production,	in	this	case	causing	a	46%	drop	in	methane	production.					
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Table	38:	Comparing	the	effect	of	AA	treated	GW	with	untreated	GW	on	the	average	cumulative	
methane	yield	during	co-digestion	at	mesophilic	conditions	after	39-day	digestion	period	
Conditions	 Average	yield		
(L/kg	VS)	
Percentage	increase	from		
UT	GW	
(L/kg	VS)	0%	GW	 250.49	±	16.12	 -	15%	UT	GW	 181.12	±	85.14	 -	15%	AA	GW	 147.42	±	28.50	 -	18.60%	100%	UT	GW	 98.96	±	12.77	 -	100%	AA	GW	 72.07	±	19.59	 -	37.31%	
±	Values	are	the	average	error	of	the	triplicates.		
4.4.4 Comparing	the	effect	of	total	solids	loading	(TSL)	The	 effects	 of	 TSL	 on	 methane	 production	 for	 the	 co-digestion	 of	 SFW	 and	 GW	was	investigated	and	the	results	shown	below	were	taken	from	the	batch	tests	operating	at	mesophilic	conditions.	The	results	shown	in	Figure	37	are	for	reactors	operated	at	9%	TSL	and	the	results	in	Figure	38	were	taken	from	reactors	operating	at	13%	TSL.	While	a	similar	trend	in	terms	of	methane	yield	exists	for	the	two	different	graphs	at	varying	TSL,	with	15%	UT	GW	achieving	the	highest	cumulative	methane	yield,	the	volume	is	a	lot	lower	for	the	reactors	operating	at	higher	TSL	across	all	conditions.	For	15%	UT	GW	while	 a	 final	 cumulative	 methane	 yield	 of	 183.43L/kg	 VS	 was	 achieved	 for	 reactors	operating	 at	 9%	TSL,	 only	 66.10L/kg	VS	was	 achieved	 for	 reactors	 operating	 at	 13%	TSL,	only	36%	of	its	lower	counterpart.		Furthermore,	biogas	production	appears	 to	be	 inhibited	much	earlier	 in	 the	digestion	process	ceasing	at	around	Day	6	for	reactors	loaded	with	untreated	GW,	and	while	still	continuing	 for	 reactors	 loaded	with	AA	 treated	GW,	 the	production	 itself	 is	 still	 quite	low.	In	contrast	to	this,	biogas	production	in	reactors	operating	at	lower	TSL	appear	to	gradually	increase	from	Day	6	onwards	until	it	begins	to	plateau	around	Day	36.		
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Figure	37:	Cumulative	methane	yield	of	reactors	operating	at	mesophilic	conditions	at	low	TSL	
	
	
Figure	38:	Cumulative	methane	yield	of	reactors	operating	at	mesophilic	conditions	at	high	TSL			
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4.4.5 Comparing	the	effect	of	substrate/inoculum	(S/I)	ratio	The	 effects	 of	 substrate-to-inoculum	 ratio	 (S/I)	 on	 methane	 production	 for	 the	 co-digestion	 of	 SFW	 and	 GW	was	 investigated	 and	 the	 results	 shown	 below	were	 taken	from	the	batch	tests	operating	at	room	temperature	 for	a	75-day	digestion	period.	All	GW	 within	 these	 batches	 was	 untreated.	 The	 results	 in	 Figure	 39	 were	 reactors	operating	at	S/I	of	0.5	while	reactors	in	Figure	40	are	operating	at	S/I	of	1.0.	As	can	be	seen	 for	 S/I	 of	 0.5,	 methane	 yield	 production	 is	 continually	 increasing	 for	 all	 co-digestion	mixtures	with	 the	highest	cumulative	methane	yield	achieved	by	a	30%	GW	co-digestion	 ratio	 achieving	 a	 final	 yield	 of	 243.83L/kg	 VS.	 When	 the	 S/I	 ratio	 is	increase	to	1.0	however	as	seen	on	the	right	hand	side,	this	cumulative	methane	yield	falls	to	20.43L/kg	VS,	only	8%	of	volume	achieved	in	its	counterpart	operated	at	S/I	of	0.5.	 Increasing	 this	 S/I	 ratio	 again	 further	 up	 to	 2.0,	 results	 in	 almost	 complete	inhibition	from	Day	15,	as	seen	in	Figure	41.		
	
Figure	39:	Cumulative	methane	yield	of	reactors	operating	at	psychrophilic	conditions	at	S/I	=	0.5		 		 			 	
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Figure	40:	Cumulative	methane	yield	of	reactors	operating	at	psychrophilic	conditions	at	S/I	=	1.0		
	
Figure	41:	Cumulative	methane	yield	of	reactors	operating	at	psychrophilic	conditions	at	S/I	=	2.0		In	 contrast	 to	 this	 however,	 100%	 GW	 as	 a	 lone	 substrate	 appears	 to	 produce	 the	complete	opposite	results.	While	operating	at	an	S/I	ratio	of	0.5,	it	produced	the	lowest	cumulative	methane	yield	of	 the	conditions	 investigated.	However	with	 increasing	S/I	
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ratios	of	1.0	and	2.0,	though	the	cumulative	yield	is	not	as	high	as	what	was	achieved	at	0.5,	it	does	not	experience	complete	inhibition	as	was	the	case	with	the	other	mixtures	contained	 either	 pure	 or	 a	mixture	 of	 SFW.	 Even	 at	 the	 end	 of	 the	 75	 day	 digestion	period,	GW	continues	to	produce	gas	while	the	other	reactors	are	completely	inhibited	and	 this	 reflects	 the	 lignocellulosic	 characteristic	 of	 GW	 as	 a	 material	 being	carbohydrate	rich,	however	very	difficult	to	breakdown.	Looking	at	the	pattern	overall	however	 for	 each	 of	 the	 conditions	 investigated,	 excluding	 GW	 the	 pattern	 remains	quite	the	same.		
4.4.6 Comparing	the	effect	of	temperature	The	 effects	 of	 temperature	 on	 methane	 production	 for	 the	 co-digestion	 of	 SFW	 and	untreated	GW	was	investigated	and	Figure	42	shown	below	were	taken	from	the	batch	tests	 operating	 at	 room	 temperature	 for	 a	 75-day	 digestion	 period,	 and	 mesophilic	conditions	for	a	39-day	digestion	period	as	shown	in	Figure	43.		
	
Figure	42:	Cumulative	methane	yield	of	reactors	operating	at	psychrophilic	conditions	over	a	75-
day	digestion	period		 	
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Figure	43:	Cumulative	methane	yield	of	reactors	operating	at	mesophilic	conditions	over	a	39-day	
digestion	period		Looking	 at	 GW,	 its	 pattern	 in	methane	 production	 is	 almost	 similar	 between	 the	 two	batches	 operating	 at	 different	 temperatures	 producing	 similar	 cumulative	 methane	yields	 just	at	different	rates,	achieving	a	cumulative	methane	yield	of	83.14L/kg	VS	at	room	temperature	and	112.021L/kg	VS	at	mesophilic	temperature.	This	is	expected	as	higher	 temperatures	 are	 known	 to	 enhance	 digestion	 rates	 thus	 enhancing	 methane	production	and	shortening	digestion	time.	Therefore	the	same	cumulative	yield	for	GW	achieved	at	room	temperature	was	achieved	in	almost	half	the	amount	of	time	when	the	digestion	 temperature	was	 increased	 to	 almost	 double,	 as	 the	 reaction	 rate	was	 also	increased.		Looking	 at	 15%	 GW	 and	 0%	 GW	 (100%	 SFW)	 however,	 the	 trend	 appears	 to	 have	crossed	over	with	one	another.	At	room	temperature,	the	co-digestion	mixture	of	15%	UT	GW	achieved	 the	highest	 cumulative	methane	 yield	 at	 220.84L/kg	VS	 followed	by	0%	 GW	 at	 yield	 of	 139.96L/kg	 VS.	 However	 at	 mesophilic	 temperatures,	 0%	 GW	achieved	 the	 highest	 cumulative	 methane	 yield	 at	 263.43L/kg	 VS	 followed	 by	 co-digestion	mixture	15%	GW	at	183.44L/kg	VS.			
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4.4.7 Post	BMP	reactor	composition	The	 digestate	 contained	 within	 the	 reactors	 was	 characterised	 after	 the	 co-digestion	BMP	and	analysed	for	final	%TS,	%VS,	pH,	ammonia	and	VFA	concentration	as	outlined	in		 	
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Table	 39,	 and	 a	 number	 of	 trends	 can	 be	 identified	 by	 analysing	 the	 changing	characteristics	with	changing	factor.			Reactors	operated	at	room	temperature	investigated	the	effects	of	S/I	ratio,	and	it	found	that	with	 increasing	S/I	ratio	(excluding	100%	GW),	 it	was	observed	that	 the	 final	pH	was	 constantly	 lower.	 In	 determining	 whether	 a	 system	 is	 healthy	 or	 not,	 a	 healthy	system	will	 have	 a	 pH	 ranging	 from	6.8	 -	 7.2.	 For	 example	with	 co-digestion	mixture	15%	GW,	increasing	S/I	ratio	from	0.5	to	1.0	to	2.0	resulted	in	a	final	pH	decrease	from	7.20	 to	 5.53	 to	 5.21,	 respectively.	 The	 same	 trend	 too	 occurred	with	 for	 co-digestion	mixture	of	30%	GW	where	increasing	S/I	ratio	resulted	in	drop	in	pH	from	7.30	to	6.18	to	4.99.	It	could	be	noted	also	that	the	pH	of	reactors	containing	a	higher	composition	of	GW	was	 seen	 to	have	a	greater	ability	 to	buffer	 the	pH,	decreasing	 the	 likeliness	of	 it	falling	to	below	inhibition.	This	was	the	case	with	100%	GW,	where	increasing	S/I	ratio	had	little	effect	on	pH	and	thus	 little	effect	on	causing	complete	 inhibition	to	methane	production	but	rather	just	lowered	the	amount	produced.	These	changes	pH	could	be	a	result	 of	 the	 increasing	 concentration	 of	 ammonia	 and	 VFAs	 in	 the	 system,	 as	 with	increasing	S/I	ratio,	 the	concentration	of	VFAs	 in	the	system	increased	also.	Using	the	same	co-digestion	examples	again,	with	15%	GW	mixture,	with	increasing	S/I	ratio	the	concentration	 of	 VFAs	 in	 the	 system	 increases	 from	 2.036	 mg/L	 to	 11.619	 mg/L	 to	15.483	 mg/L,	 respectively.	 The	 same	 was	 observed	 with	 30%	 GW	 mixture,	 with	 an	increase	 in	 VFA	 concentration	 from	 0.292	 mg/L	 to	 5.169	 mg/L	 to	 29.202	 mg/L,	respectively.							 	
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Table	39:	Characterisation	of	digestate	of	Phase	C	co-digestion	of	SFW	and	GW	at	psychrophilic	
conditions	
Batch	 Reactor	
conditions	
%TS	
destruction	
%VS	
destruction	
pH	 Ammonia	
mg		
	NH3-N/L,	
	
VFA,	
g/L	
Cumulative	
methane	
yield,	L	
CH4/kg	VS	
Low		 0%	GW,	S/I	=0.5	 21.44	 25.29	 6.81	 2450	 3.893	 139.96	
TSL	 0%	GW,	S/I	=1.0	 27.74	 32.78	 5.24	 2450	 18.238	 11.84	
	 0%	GW,	S/I	=2.0	 21.15	 23.34	 4.35	 2000	 11.832	 2.71	
	 15%	GW,	S/I	=0.5	 13.47	 14.89	 7.20	 2200	 2.036	 220.84	
	 15%	GW,	S/I	=1.0	 20.24	 23.06	 5.53	 1400	 11.619	 19.65	
	 15%	GW,	S/I	=2.0	 19.86	 23.29	 5.21	 1650	 15.483	 2.81	
	 30%	GW,	S/I	=0.5	 16.68	 18.74	 7.30	 2250	 0.292	 243.83	
	 30%	GW,	S/I	=1.0	 10.66	 11.72	 6.18	 2350	 5.169	 20.43	
	 30%	GW,	S/I	=2.0	 17.68	 19.31	 4.99	 2000	 29.202	 3.95	
	 100%	 GW,	 S/I	=0.5	 10.04	 11.48	 7.09	 2050	 0.015	 89.14	
	 100%	 GW,	 S/I	=1.0	 6.23	 6.33	 7.07	 1600	 1.066	 57.79	
	 100%	 GW,	 S/I	=2.0	 13.32	 14.08	 7.17	 1500	 2.479	 22.64	
High		 0%	GW,	S/I	=0.5	 12.76	 26.47	 7.45	 1500	 0.000	 36.04	
TSL	 15%	 SFW,	 S/I	=0.5	 24.64	 32.93	 5.46	 2150	 15.134	 53.74	
	 30%	GW,	S/I	=0.5	 20.16	 27.47	 5.88	 2200	 12.338	 58.44	
	 100%	 GW,	 S/I	=0.5	 17.84	 31.12	 6.91	 2650	 13.970	 47.39				 	
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Table	40:	Characterisation	of	digestate	of	Phase	C	co-digestion	of	SFW	and	GW	at	mesophilic	
conditions	
Batch	 Reactor	
conditions	
%TS	
destruction	
%VS	
destruction	
pH	 Ammonia	
mg		
	NH3-N/L,	
	
VFA,	g/L	 Cumulative	
methane	
yield,	L	
CH4/kg	VS	
Low		 0%	GW	 24.15	 30.53	 7.30	 2150	 0.007	 263.43	
TSL	 15%	UT	GW	 16.16	 19.56	 7.19	 2200	 0.002	 179.09	
	 100%	UT	GW	 3.07	 8.77	 7.01	 1800	 0.007	 112.02	
	 15%	AA	GW	 21.09	 30.53	 7.27	 1950	 0.000	 147.42	
	 30%	AA	GW	 37.78	 54.38	 7.15	 2200	 0.000	 189.88	
	 100%	AA	GW	 11.73	 14.51	 7.50	 1750	 0.000	 72.07	
High		 0%	GW	 19.68	 26.42	 7.67	 2650	 0.000	 60.38	
TSL	 15%	UT	GW	 14.94	 20.95	 7.67	 2300	 0.003	 66.10	
	 100%	UT	GW	 7.09	 9.65	 7.63	 1600	 0.000	 28.55	
	 15%	AA	GW	 6.15	 8.43	 7.35	 2650	 0.000	 52.62	
	 30%	AA	GW	 19.70	 26.06	 7.59	 1950	 0.000	 56.89	
	 100%	AA	GW	 9.52	 14.06	 7.44	 1400	 0.000	 43.71		As	all	the	reactors	operated	at	mesophilic	conditions	were	loaded	at	an	S/I	ratio	of	0.5,	therefore	the	final	pH	of	digestate	within	all	 these	reactors	were	above	7	(though	still	not	 in	 the	 ideal	 healthy	 range).	 Furthermore	 the	 reactors	 operated	 at	 mesophilic	conditions	had	only	very	slight	trace	concentrations	of	VFAs	detected,	the	highest	being	0.007mg/L	in	the	reactor	loaded	with	0%	GW.			In	terms	of	ammonia	production,	a	healthy	system	should	remain	below	a	concentration	1500	 mgNH3-N/L	 with	 anything	 greater	 than	 this	 causing	 moderate	 inhibition,	 and	anything	 above	 2000	 mgNH3-N/L	 causing	 severe	 inhibition.	 Almost	 all	 the	 reactors	containing	SFW	encountered	severe	 inhibition	at	 the	end	of	 the	digestion	period	with	concentrations	of	ammonia	exceeding	2000	mgNH3-N/L.		
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Figure	44:	Reduction	in	%VS	in	BMP	of	Phase	C	co-digestion		Looking	 at	 waste	 stabilisation	 and	 enhancing	 biodegradability,	 surprisingly	 %VS	destruction	was	 achieved	 highest	 in	 reactors	which	 had	 exhibited	 extreme	 inhibition	such	as	 those	 loaded	at	S/I	 ratio	of	2.0	operating	at	 room	temperature.	There	was	no	clear	 trend	or	pattern	 in	 terms	of	%TS	destruction	or	%VS	destruction	however	each	achieved	a	high	level.			
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5. Summary	and	Recommendations	The	biochemical	methane	potential	from	the	AD	of	SFW	and	GW	was	evaluated	within	this	study	and	conducted	within	three	phases.	Phase	A	addresses	research	questions	2	and	3,	and	involved	the	pretreatment	of	Victorian	GW	(as	a	lignocellulosic	material)	in	order	 to	 enhance	 its	 biogas	 yield	 during	 AD.	 Phase	 B,	 which	 addresses	 research	question	 1,	 investigated	 the	 co-digestion	 of	 SFW	 and	 Victorian	 GW,	 studying	 factors	including	 co-digestion	 mixtures	 and	 the	 effect	 of	 acclimatised	 seed.	 Phase	 C,	 which	addresses	 research	 question	 4,	 further	 investigated	 the	 co-digestion	 of	 SFW	 with	Swedish	 GW,	 focusing	 on	 factors	 including	 TSL,	 temperature,	 S/I	 ratio	 and	pretreatment.		
5.1 	Phase	A:	Pretreatment	of	Victorian	GW	and	BMP	tests	
5.1.1 A-A	pretreatment	
• The	 greatest	 percentage	 increase	 in	 methane	 yield	 after	 a	 50-day	 digestion	period	was	found	in	GW	ground	<10mm	and	treated	with	1.0%	NaOH.	It	resulted	in	a	cumulative	methane	yield	of	213.70L	CH4/kg	VS,	corresponding	to	a	214.2%	increase	when	 compared	 to	 untreated	GW.	Without	 particle	 communition,	 GW	left	 unground	 and	 treated	 with	 1.0%	 achieved	 a	 159.4%	 increase	 in	 methane	yield,	the	second	highest	increase	of	all	conditions	studied.	
• AA	treatment	resulted	in	significant	lignin	removal,	combined	with	increases	in	both	 relative	 fractions	 of	 glucan	 (ranging	 from	 140%	 to	 230%)	 and	 xylan	(ranging	from	350%	to	670%),	when	compared	to	untreated	GW.			
• Treatment	caused	a	reduction	in	both	CI	and	TCI,	with	a	greater	reduction	in	CI	observed	with	increasing	NaOH	concentration.	GW	treated	with	1.0%	NaOH	had	the	greatest	reduction	in	TCI,	followed	by	0.5%	NaOH.	
• SEM	analysis	of	AA	treated	GW	showed	micropores	had	formed	on	the	surface	of	the	 material	 when	 subjected	 to	 treatment	 using	 0.5%	 NaOH,	 thus	 enhancing	accessible	surface	area	available	to	microorganisms	during	AD.	The	use	of	1.0%	NaOH	 caused	 the	 pores	 to	 become	 enlarged,	 while	 increasing	 concentration	further	 to	 2.0%	 NaOH	 caused	 the	 fibres	 of	 the	 GW	 material	 to	 become	fragmented,	 resulting	 in	 a	 loss	 of	 available	 material	 for	 microorganisms	 to	consume	during	AD.	
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• TS	and	VS	destruction	was	higher	in	samples	which	had	undergone	AA	treatment	in	both	unground	and	ground	samples.		
5.1.2 GVL	pretreatment	
• After	a	33-day	digestion	period	the	highest	methane	yield	of	237.44L	CH4/kg	VS	was	achieved	in	GW	<1mm	and	treated	using	50%GVL	at	160°C,	resulting	in	an	increase	of	162.3%	when	compared	to	untreated	GW.		
• GW	 sample	 treated	with	 35%GVL	 at	 160°C	 showed	 significant	 changes	 in	 AIL	(13.3%)	and	ASL	(1.8%)	when	compared	to	untreated	GW.	Glucan	increased	in	all	 treated	 samples	 suggesting	 that	 the	 solubilisation	 which	 took	 place	 during	pretreatment	was	primarily	solubilisation	of	cellulose	and	hemicellulose.		
• GW	samples	 treated	with	35%GVL	at	160°C	again	 showed	 the	most	 significant	reduction	amongst	all	pretreatment	conditions	 investigated,	when	analysed	 for	reduction	in	CI	and	TCI	at	12.6%	and	17.6%,	respectively.		
• SEM	 analysis	 of	 GVL	 treated	 GW	 showed	 complete	 disruption	 of	 the	 surface,	showing	a	crumbled	and	fragmented	material	when	compared	to	untreated	GW.			Both	AA	and	GVL	pretreatment	were	effectively	applied	to	GW	and	showed	an	enhanced	yield	 in	 biogas	 when	 treated	 materials	 were	 applied	 in	 AD.	 Characteristics	 such	 as	accessible	 surface	area	and	 the	 relative	 fractions	of	glucan	and	xylan	 increased,	while	lignin	content	and	crystallinity	decreased.	These	were	all	displayed	in	conjunction	with	an	enhanced	biogas	yield	as	well	as	a	reduction	in	TS	and	VS.		
5.2 	Phase	B:	Co-digestion	of	SFW	and	Victorian	GW	
• The	highest	methane	yield	after	a	34-day	digestion	period	was	obtained	with	a	co-digestion	 mixture	 of	 15%	 GW	 and	 with	 acclimated	 seed,	 with	 a	 final	cumulative	 value	 of	 375.12L	 CH4/kg	 VS.	 The	 second	 highest	 methane	 yield	 of	373.41L	 CH4/kg	 VS	 was	 achieved	 in	 AD	 reactors	 with	 a	 co-digestion	 mixture	10%	GW	and	fresh	seed.	
• SFW	treated	as	a	single	substrate	achieved	a	cumulative	yield	of	325.67L	CH4/kg	VS,	while	GW	as	a	single	substrate	achieved	a	cumulative	yield	of	38.61L	CH4/kg	VS.	
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• Using	 seed	 which	 has	 been	 acclimated	 using	 a	 mixture	 of	 SFW	 and	 GW	 as	opposed	 to	 freshly	 collected	 seed	 showed	 a	 faster	 digestion	 rate,	 with	 peak	methane	 production	 occurring	 6	 to	 7	 days	 faster	 in	 AD	 reactors	 fed	 with	acclimated	seed	compared	to	its	fresh	seed	counterpart.		
• Post	 BMP	 analysis	 of	 the	 TS	 and	 VS	 destruction	 of	 each	 of	 the	 co-digestion	mixtures	showed	co-digestion	mixture	10%	GW	to	have	the	highest	destruction,	when	either	fresh	seed	or	acclimated	seed	was	used.			The	ideal	co-digestion	mixture	was	dependent	on	the	seed	used	during	the	BMP	tests.	The	10%	GW	mixture	produced	the	highest	yield	when	fresh	seed	used	while	15%	GW	produced	 the	highest	 yield	when	acclimated	 seed	was	used.	However	 in	 all	 cases,	 co-digestion	of	SFW	and	GW	yielded	higher	cumulative	methane	yields	when	compared	to	single	substrate	digestion.			
5.3 	Phase	C:	Co-digestion	of	SFW	and	Swedish	GW	
• At	 psychrophilic	 conditions	 over	 a	 75-day	 digestion	 period,	 the	 highest	cumulative	methane	 yield	 of	 243.83L	 CH4/kg	 VS	 was	 obtained	 in	 AD	 reactors	with	30%GW,	low	TSL,	and	an	S/I	of	0.5.	
• At	mesophilic	conditions	over	a	39-day	digestion	period,	the	highest	cumulative	methane	yield	of	263.43L	CH4/L	kg	VS	was	obtained	in	AD	reactors	with	0%	GW	and	at	low	TSL.		
• The	 increasing	addition	of	GW	within	co-digestion	mixtures	resulted	 in	greater	cumulative	 methane	 yields	 as	 the	 presence	 of	 GW	 assisted	 in	 buffering	 any	potential	acidification	from	the	microbial	breakdown	of	SFW.			
• Increasing	S/I	ratio	 to	greater	 than	0.5	caused	methane	yield	 to	decrease	 in	all	conditions	 investigated.	 AD	 reactors	 loaded	with	 SFW	 (either	 pure	 or	 in	 a	 co-digestion	mixture)	exhibited	severe	inhibition	at	S/I	of	1.0	and	2.0	also	reflected	in	the	post	BMP	digestate	analysis	which	showed	high	VFA	accumulation	and	low	pH	in	inhibited	reactors.	Only	reactors	containing	100%	GW	showing	continuous	methane	production	over	the	digestion	period.		
• Pretreatment	 had	 negative	 impact	 on	 methane	 yield	 when	 Swedish	 GW	 was	treated	via	AA	treatment	using	1.0%	NaOH	at	120°C	for	90	minutes.	AA	treated	
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Swedish	 GW	 achieved	 a	 cumulative	 methane	 yield	 of	 72.07L	 CH4/kg	 VS,	 a	37.31%	reduction	in	yield	compared	to	untreated	Swedish	GW.		
• Higher	 temperatures	 facilitated	a	more	rapid	digestion	rate	 in	AD	reactors	and	thus	 shortened	 the	 digestion	 time.	 For	 example,	 AD	 reactors	 with	 100%	 GW	achieved	 a	 cumulative	 yield	 of	 112.02L	 CH4/kg	 VS	 after	 a	 39-day	 digestion	period	 at	 mesophilic	 conditions	 while	 the	 same	 materials	 achieving	 a	 final	cumulative	 yield	 of	 83.14L	 CH4/kg	 VS	 psychrophilic	 conditions	 over	 a	 75-day	digestion	period.		
• Increasing	 TSL	 in	 AD	 reactors	 caused	 a	 reduction	 in	 final	 cumulative	methane	yields,	 causing	 inhibition	 early	 in	 the	 digestion	 process	 due	 to	 the	 insufficient	mixing	within	the	reactors.			Co-digestion	 of	 SFW	with	GW	had	 a	more	 significant	 effect	 in	 enhancing	 biogas	 yield	than	the	use	of	pretreatment	on	GW.	Factors	including	S/I	ratio	and	TSL	had	significant	impact	on	the	co-digestion	of	SFW	and	GW	with	higher	concentrations	of	either	causing	severe	 inhibition	 in	 AD	 reactors.	 Factors	 such	 as	 temperature	 were	 crucial	 to	 faster	digestion	where	higher	temperatures	showed	a	much	more	rapid	methane	production	rate.	 However	 similar	 values	 could	 be	 obtained	 from	 lower	 temperatures	 but	 over	longer	digestion	periods.				
5.4 	Further	Research	Recommendations		This	 research	 investigated	 the	 pretreatment	 of	 GW	 using	 selected	 pretreatment	parameters	for	both	AA	treatment	(particle	reduction	and	chemical	concentration)	and	GVL	treatment	(chemical	concentration	and	temperature).		Although	the	results	showed	significant	 increases	 in	biogas	yield,	 future	work	could	be	conducted	 to	optimise	such	pretreatment	parameters	to	identify	whether	a	lower	concentration	or	temperature	can	be	used	which	will	achieve	similar	results	in	order	to	save	environmental	and	economic	costs.	Furthermore	only	the	solid	pulp	from	pretreatment	was	investigated	in	this	study	and	future	work	could	be	done	on	a	detailed	analysis	and	AD	of	the	pretreatment	liquor.		
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7. Appendices	
Appendix	A	–	Organic	waste	material	used	in	experimental	work	Appendix	B	–	Images	from	Phase	A:	AA	pretreatment	process	Appendix	C	–	Images	from	Phase	A:	GVL	pretreatment	process	Appendix	D	–	Images	from	BMP	processes	used	in	Phase	A	and	B	Appendix	E	–	Images	from	Phase	C:	Co-digestion	of	Swedish	GW	and	SFW	Appendix	F	–FTIR	Analysis	of	AA	pretreated	Garden	Waste,	<10mm	Appendix	G	–FTIR	Analysis	of	AA	pretreated	Garden	Waste,	Unground	Appendix	H	–FTIR	Analysis	of	GVL	pretreated	Garden	Waste,	<1mm						
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2.3. Appendix	A	–	Organic	waste	material	used	in	experimental	work	Untreated	 GW	 collected	 from	 Maddingley	Brown	 Coal	 in	 Bacchus	 Marsh,	 Victoria,	Australia	
		SFW	created	from	Victorian	composition	data,	stored	in	freezer	
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2.4. Appendix	B	–	Images	from	Phase	A:	AA	pretreatment	process		Autoclaved	used	 for	AA	pretreatment	operating	at	121°C	for	90	minutes.	
		Pulp	 remaining	 after	 treatment	 once	 the	 liquid	portion	was	discarded.	
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2.5. Appendix	C	–	Images	from	Phase	A:	GVL	pretreatment	process		1.	 Garden	waste	 ground	 to	 <1mm.	 35%	 and	 50%	(v/v)	GVL	solution	is	prepared.		
		2.	 Materials	 are	 loaded	 into	 the	 stainless	 steel	reactor	 at	 GW:GVL	 loading	 rate	 of	 1:4	 and	GVL:catalyst	(H2SO4)	loading	of	0.01M.		
		3.	 The	 reactor	 is	 heated	 at	 140oC	 or	 160oC	 for	45min	using	a	ceramic	heating	band	connected	to	a	temperature	controller.		
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4.	Reactor	is	cooled	to	room	temperature	in	an	ice	bath.		
		5.	 Pretreated	 sample	 pulp	 is	 removed,	 washed,	filtered,	 and	 stored	 in	 the	 refrigerator	 for	 further	analysis.			
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2.6. Appendix	D	–	Images	from	BMP	processes	used	in	Phase	A	and	B		Inoculum	 (fresh	 and	 acclimated)	 collected	 from	Melton	Treatment	Plant	stored	in	the	incubator	
		BMP	reactors	 in	 the	 incubator-shaker	operating	at	mesophilic	conditions		
		HACH	analyses	of	digestate	samples	
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2.7. Appendix	 E	 –	 Images	 from	 Phase	 C:	 Co-digestion	 of	 Swedish	 GW	
and	SFW		Mulching	large	Swedish	GW	branches		
		Mechanical	 communition	 of	 mulch	 GW	 using	cutting	mill	
		BMP	 reactors	 stored	 underneath	 lab-scale	 textile	reactor	(from	which	inoculum	was	obtained)	
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Reactors	from	BMP	
		Reactor	 from	 BMP	 and	 gas-tight	 syringe	 used	 for	GC	analysis	
														
	139		
2.8. Appendix	 F	 –	 FTIR	 Analysis	 of	 AA	 pretreated	 Garden	 Waste,	
<10mm	
Wavenumber	
(cm-1)	
Functional	
Group	
Assignment	 Untreated	 <10mm,	
0.5%NaOH	
<10mm,	
1.0%NaOH	
<10mm,	
2.0%NaOH	3175	 -OH	 stretching	intramolecular	hydrogen	 Cellulose	II	 0.02957	 0.03680	 0.03067	 0.01943	2900	 C-H	stretching		 Cellulose	 0.02560	 0.03350	 0.03123	 0.01695	1740	 C=O	stretching	of	acetyl	 or	carboxylic	acid	 Hemicellulose	and	lignin	 0.02250	 0.01987	 0.01907	 0.00853	1610	 C=C	stretching	of	the	aromatic	ring	 Lignin	 0.05943	 0.05787	 0.04337	 0.02433	1598	 C=C		 Lignin	 0.05530	 0.05613	 0.04310	 0.02405	1510	 C=c	 stretching	of	the	aromatic	ring	 Lignin	 0.03690	 0.04030	 0.03337	 0.02078	1465	 Asymmetric	bending	in	C-H3	 Lignin	 0.04057	 0.04990	 0.04267	 0.02515	1420	 C-H2	 symmetric	bending		 Cellulose	 0.04687	 0.05747	 0.04757	 0.02893	1430	 C-H2	bending		 Cellulose	 0.04630	 0.05447	 0.04520	 0.02750	1375	 C-H	bending		 Cellulose	 0.04870	 0.05623	 0.04677	 0.02773	1335	 -OH	 (in	 plane	bending)		 Cellulose	 0.04810	 0.05877	 0.04830	 0.02928	1315	 C-H2	wagging		 Cellulose	 0.05603	 0.06693	 0.05567	 0.03330	1158	 C-C-C	asymmetric	stretching		
Cellulose	 0.06990	 0.08217	 0.07557	 0.04433	
898	 Asymmetric,	 out	of	 phase	 ring	stretching	(cellulose)	
Cellulose	 0.07273	 0.08530	 0.07497	 0.05138	
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2.9. Appendix	 G	 –	 FTIR	 Analysis	 of	 AA	 pretreated	 Garden	 Waste,	
Unground	
Wavenumber	
(cm-1)	
Functional	
Group	
Assignment	 Untreated	 Unground,	
0.5%NaOH	
Unground,	
1.0%NaOH	
Unground,	
2.0%NaOH	3175	 -OH	stretching	intramolecular	hydrogen	
Cellulose	II	 0.02957	 0.00965	 0.01093	 0.01087	
2900	 C-H	stretching		 Cellulose	 0.02560	 0.00945	 0.01063	 0.01057	1740	 C=O	stretching	 of	acetyl	 or	carboxylic	acid	
Hemicellulose	and	lignin	 0.02250	 0.00675	 0.00733	 0.00673	
1610	 C=C	stretching	 of	the	 aromatic	ring	
Lignin	 0.05943	 0.01618	 0.01463	 0.01953	
1598	 C=C		 Lignin	 0.05530	 0.01550	 0.01397	 0.1883	1510	 C=c	stretching	 of	the	 aromatic	ring	
Lignin	 0.03690	 0.01258	 0.01150	 0.01523	
1465	 Asymmetric	bending	in	C-H3	 Lignin	 0.04057	 0.01435	 0.01337	 0.01817	1420	 C-H2	symmetric	bending		
Cellulose	 0.04687	 0.01605	 0.01510	 0.02067	
1430	 C-H2	bending		 Cellulose	 0.04630	 0.01530	 0.01430	 0.01930	1375	 C-H	bending		 Cellulose	 0.04870	 0.01563	 0.01470	 0.01993	1335	 -OH	 (in	plane	bending)		
Cellulose	 0.04810	 0.01588	 0.01540	 0.02110	
1315	 C-H2	wagging		 Cellulose	 0.05603	 0.01855	 0.01813	 0.02560	1158	 C-C-C	asymmetric	stretching	 Cellulose	 0.06990	 0.02310	 0.02060	 0.02967	898	 Asymmetric,	out	 of	 phase	ring	stretching	(cellulose)	
Cellulose	 0.07273	 0.02433	 0.02317	 0.03330	
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2.11. Appendix	 H	 –	 FTIR	 Analysis	 of	 GVL	 pretreated	 Garden	 Waste,	
<1mm	
Wavenumber	
(cm-1)	
Functional	
Group	
Assignment	 <1mm,	
Untreated	
<1mm,	
35%GVL,	
140C	
<1mm,	
35%GVL,	
160C	
<1mm,	
50%GVL,	
140C	
<1mm,	
50%GVL,	
160C	3175	 -OH	 stretching	intramolecular	hydrogen	 Cellulose	II	 0.017	 0.026	 0.018	 0.017	 	0.005	2900	 C-H	stretching		 Cellulose	 0.016	 0.025	 0.018	 0.016	 	 0.008	1740	 C=O	stretching	of	 acetyl	 or	carboxylic	acid	
Hemicellulose	and	lignin	 0.013	 0.028	 0.017	 0.017	 		0.008	1610	 C=C	 stretching	of	 the	aromatic	ring	 Lignin	 0.031	 0.045	 0.029	 0.030	 	0.013	1598	 C=C		 Lignin	 0.030	 0.041	 0.027	 0.028	 0.012	1510	 C=c	 stretching	of	 the	aromatic	ring	 Lignin	 0.021	 0.0300	 0.021	 0.021	 0.010	1465	 Asymmetric	bending	 in	 C-H3	 Lignin	 0.023	 0.035	 0.023	 0.023	 0.012	1420	 C-H2	symmetric	bending		
Cellulose	 0.026	 0.039	 0.023	 0.026	 0.012	
1430	 C-H2	bending		 Cellulose	 0.025	 0.038	 0.023	 0.025	 0.012	1375	 C-H	bending		 Cellulose	 0.026	 0.041	 0.024	 0.027	 0.013	1335	 -OH	 (in	 plane	bending)		 Cellulose	 0.025	 0.042	 0.025	 0.027	 0.014	1315	 C-H2	wagging		 Cellulose	 0.028	 0.048	 0.029	 0.031	 0.016	1158	 C-C-C	asymmetric	stretching	 Cellulose	 0.044	 0.090	 0.064	 0.068	 0.029	898	 Asymmetric,	out	 of	 phase	ring	stretching	(cellulose)	
Cellulose	 0.057	 0.090	 0.061	 0.068	 		0.030																																																																										
